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The rapid identification of mycobacterial DNA in clinical samples by PCR can be useful in the diagnosis of 
tuberculous infections, but several large studies have found that the sensitivity of this approach is not better 
than that of culture. In order to improve the sensitivity of detection of mycobacterial DNA in clinical specimens 
from patients with paucibacillary forms of tuberculosis, we have developed a procedure permitting the specific 
capture of mycobacterial DNA in crude samples prior to amplification, thereby concentrating the target 
sequences and removing irrelevant DNA and other potential inhibitors of the amplification reaction (sequence 
capture-PCR). By using this approach to capture and amplify two different sequences specific for organisms 
of the Mycobacterium tuberculosis complex (IS6110 and the direct repeat region), it was possible to detect as 
little as one genome of mycobacterial DNA in samples containing up to 750 p.g of total DNA, representing a 
10- to 100-fold increase in sensitivity compared with that obtained by purifying total DNA prior to amplifi- 
cation. Detection of the IS6110 sequence in pleural fluid samples from patients with tuberculous pleurisy by 
sequence capture-PCR gave positive results in 13 of 17 cases, including 3 of 3 culture-positive samples and 10 
of 14 culture-negative samples. In contrast, when total DNA was purified from these samples by adsorption to 
a silica matrix prior to amplification, only the three culture-positive samples were positive by PCR. The 
sensitivity of detection of the direct repeat sequence in these samples by sequence capture-PCR was similar to 
that of IS6770 and, in addition, permitted immediate typing of the strains from some patients. We conclude 
that sequence capture-PCR improves the sensitivity of detection of mycobacterial DNA in paucibacillary 
samples. This approach should be useful in detecting rare target sequences from organisms implicated in other 
pathologic processes. 



^^Tuberculosis remains a major worldwide health problem 
and, because of its protean manifestations, must be considered 
aythe differential diagnosis of numerous patients (2, 3, 15). 
Unfortunately, the standard methods used in the diagnosis of 
tuberculosis have several important limitations. Microscopic 
identification of acid-fast mycobacteria is insensitive and, when 
rjasitive, does not permit identification of the species of myco- 
bacterium identified. Mycobacterial culture may require sev- 
eral weeks to obtain positive results and frequently gives neg- 
ative results for paucibacillary forms of tuberculosis. These 
limitations create a variety of problems in the clinical manage- 
ment of patients suspected of having tuberculosis and may lead 
to delays in initiating appropriate treatment and/or the use of 
invasive procedures to firmly establish or exclude this diagno- 
sis. 

In an effort to overcome these problems, a number of lab- 
oratories have evaluated the usefulness of the detection of 
mycobacterial DNA in clinical samples by techniques based on 
PCR in the diagnosis of tuberculosis. Several large studies have 
found that this approach can be used to rapidly diagnose tu- 
berculous infections with a sensitivity that is equivalent to or 
somewhat less than that of mycobacterial culture (7, 8, 12, 13, 
21, 25, 28). Unfortunately, most studies have found that not all 
samples which are direct examination negative and culture 
positive are also positive by PCR and that oniy a minority of 
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culture-negative samples from patients ultimately shown to 
have tuberculosis are positive by this approach. Thus, in clin- 
ical situations in which improvements in diagnostic techniques 
are most needed (paucibacillary forms of tuberculosis), current 
PCR techniques have not been of considerable help. 

Two obstacles have limited the sensitivity of this approach in 
the diagnosis of tuberculosis. First, the presence of too much 
DNA can inhibit PCR, and many clinical specimens (blood, 
bronchoalveolar lavage fluids, pleural fluids, bone marrow as- 
pirates, tissue biopsies, etc.) contain large numbers of immune 
and inflammatory cells, a source of large amounts of DNA. 
Thus, it is necessary to dilute these samples (and consequently 
the mycobacterial DNA present) prior to amplification. Sec- 
ond, to obtain optimal sensitivity, it is necessary to eliminate 
inhibitors of the amplification reaction present in clinical 
samples. Unfortunately, the multistep processes required to 
obtain highly purified DNA are difficult to apply in routine 
practice. 

To overcome these problems, we have developed an ap- 
proach that permits the specific capture of mycobacterial DNA 
in crude samples containing large numbers of human cells, 
thereby permitting the removal of irrelevant DNA and poten- 
tial inhibitors present in the original sample prior to amplifi- 
cation. Using this technique, we have demonstrated that this 
enrichment leads to the anticipated increase in the sensitivity 
of detection of mycobacterial DNA in standard samples con- 
taining known amounts of mycobacterial DNA and in pauci- 
bacillary clinical samples from patients with tuberculous pleu- 
risy. 
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MATERIALS AND METHODS 

Materials. The oligonucleotides used fur amplification of a 123-bp fragment of 
the IS67/0 insertion element (ISI and IS2) and the direct repeat (DR) region of 
M. tuberculosis (DRa and DRb) have been previously described (11. 16. 23). 
Oligonucleotides IS3 (13) and DRc (5 -CCCAAAACCCCGAGAGGG) were 
used for the detection of amplification products by Southern blotting. Capture 
oligonucleotides for the IS6//0 sequence were Cap-l, 5'-AAAAACGAACG 
GCTGATGACCAAACTC. and Cap-2, 5 ' -AAAAAGG AGGTGGCCATCGT 
GGAAG. These oligonucleotides are complementary to IS67/0 sequences 97 
bases upstream of that recognized by ISI and 39 bases downstream of that 
recognized by IS2 and therefore do not recognize products amplified by ISI and 
IS2. The oligonucleotides were positioned to hybridize with regions devoid of 
inverted repeat sequences identified by using the STEMLO program. Because 
the repetitive sequence in the DR region is only 36 bp long, the oligonucleotides 
used for the capture of DR sequences were identical to the oligonucleotides, 
DRa and DRb. used to amplify this region, except that 5 adenosine residues were 
added to the 5' ends. All oligonucleotides were synthesized by Genset (Paris, 
France). Capture oligonucleotides were synthesized with a biotinylated 5-carbon 
spacer arm attached to the 5'-end and were purified by high-pressure liquid 
chromatography. In preliminary experiments evaluating the efficiency of capture 
of biotinylated oligonucleotides by avidin-coupled magnetic beads, capture oli- 
gonucleotides were labelled at their 3' ends with [a-' 2 P|dCTP (Amersham, 
Slough, United Kingdom) by using terminal deoxytransferase (1U). 

To evaluate the presence of inhibitory substances in amplification reactions, an 
internal standard in which the sequences recognized by ISI and IS2 were added 
to opposite ends of a 403-bp fragment of plasmid pGEM-3 and which generated 
a 443-bp fragment when amplified by primers IS 1 and IS2 was constructed. Serial 
dilutions were tested, and the last dilution which gave consistently positive results 
when amplified in the presence of 0.5 u.g of highly purified human DNA (5 u.1 of 
a ID"" dilution) was used to verify that specimens could support amplification. 

DNA from M. tuberculosis H37Rv was purified and quantified by densitometry, 
and serial dilutions were prepared by using a solution containing 100 u.g of 
human DNA (human placental DNA; Sigma, St. Louis, Mo.) per ml to produce 
standards containing 0.1 to 100 genomes per 5 u.1, assuming a molecular mass of 
2.5 x W Da for 1 mycobacterial genome (e.g., 1 genome = 3 to 4 fg). To 
evaluate techniques used for the extraction of mycobacterial DNA, M. tubercu- 
losis H37Rv was grown in suspension culture in 7H9 medium, organisms were 
quantified by limiting-dilution culture, and aliquots containing <10 viable or- 
ganisms were added to tissues prior to DNA extraction. 

Pleural fluid samples. Samples of pleural fluid also submitted for mycobacte- 
rial culture were obtained from 17 patients with tuberculous pleurisy evaluated 
at Hopital Tenon, Paris, France (age, 38.6 ± 14.5 years; 13 men and 4 women). 
For 1 1 patients, the diagnosis was established on the basis of positive culture(s) 
for M. tuberculosis of samples of sputum, pleural fluid, and/or pleural biopsies. 
For six patients, all mycobacterial cultures were negative and the diagnosis was 
based on the demonstration of caseating granulomas in pleural biopsies. Cultures 
of pleural biopsies, performed on seven patients, were positive in four cases. 
None of the patients had a positive serologic test for human immunodeficiency 
virus, and none had any other disease known to produce immunosuppression. 
The volume of pleural fluid obtained from these patients was 5 to 1,000 ml 
(average, 185 ±319 ml). Acid-fast staining and mycobacterial culture were 
performed as previously described (22), except that sputum samples were de- 
contaminated by treatment with 4% sodium hydroxide. 

To serve as controls, pleural fluid samples from 25 patients (age, 56.6 ± 15.4 
years; 21 men arid 4 women) without tuberculosis were also evaluated. The 
causes of pleural effusion in these patients were as follows: metastatic carcinoma 
(n = 13), mesothelioma (n = 2), parapneumonic pleural effusion (n = 8), and 
lymphoma (n = 2). The volume of pleural fluid obtained from these patients 
ranged from 8 to 1,000 ml (average, 132 £ 253 ml). In seven cases, two different 
aliquots of pleural fluid were used as control samples. 

Solubilization of samples. Pleural fluid samples were centrifuged (2,240 X g; 
30 min). Cell pellets or fragments of tissue biopsies were suspended in 500 u.1 of 
100 mM Tris-HCl containing 150 mM NaCi and 50 mM EDTA (pH 7.4), and 
transferred to 2-ml screw-cap tubes (Eppendorf, Freemont, Calif.) containing 0.5 
ml of 0.1-mm-diameter glass microspheres (Biospec Products, Bartlesville, 
Okla.) and 50 u.1 of 20 mg of proteinase K (Interchim. Montlu^on, France) per 
ml. Samples were agitated (Mini-BeadBeater; Biospec) for 50 s, allowed to digest 
overnight at 50°C (Thermomixer; Eppendorf), and agitated again for 50 s, and 
the supernatant (crude extract) was recovered by centrifugation. Preliminary 
experiments performed with samples containing smail numbers of intact myco- 
bacteria demonstrated that this procedure was highly efficient in releasing my- 
cobacterial DNA. 

The DNA in crude extracts was measured by spectrofluorometric assay, as 
previously described (5). An aliquot containing 5 u.g of DNA was removed, and 
DNA was purified by adsorption to a silica matrix (Geneclean II; BIO 101, Inc., 
La Jblla, Calif.) as previously described (4, 12). Purified DNA was eluted from 
the silica matrix into 30 u.1 of distilled water, and 10-u.l aliquots were used for 
amplification. 

Sequence capture. Crude extracts from tissues and cells (final volume, 0.55 ml, 
containing up to 750 u.g of total DNA) were transferred to 1.5-ml Eppendorf 
tubes, heated at 100°C for 10 min, and cooled to 0°C on ice, and 0.2 ml of 3.75 
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FIG. 1. Schematic representation of sequence capture-PCR. DNA is liber- 
ated from tissues or cells, producing a crude extract containing the specific target 
DNA sequence (hatched bar), human DNA (lines), and potential inhibitors of 
the amplification reaction (stars). The target sequence is specifically captured by 
the sequential addition of biotinylated capture oligonucleotides and avidin-cou- 
pled magnetic beads. The beads are added directly to the amplification reaction 
mixture. 



M NaCI-2.5 pmol each of biotinylated capture oligonucleotides Cap-l and Cap-2 
was added (final volume, 0.75 ml in 1 M NaCI). Tubes were incubated with 
agitation (Thermomixer) at 60°C for 3 h to allow hybridization. Ten microliters 
of M-280 Streptavidin Dynabeads (Dynal, Oslo, Norway), washed according to 
the manufacturer's instructions, was added, and the incubation was continued for 
2 h at 20°C. Magnetic beads were captured (Dynal magnetic-particle concentra- 
tor), washed twice with 10 mM Tris-HCI-0.1 mM EDTA (pH 8), and resus- 
pended in water. Two aliquots, each containing 5 u.1 of beads in 10 u.1 of water, 
were used for amplification. Capture of the DR region was performed by anal- 
ogous techniques, except that the Cap-DRa and Cap-DRb oligonucleotides were 
used and hybridization performed at 42°C. The procedure is summarized in Fig. 
1. 

Amplification and detection of mycobacterial DNA. Samples for amplification 
(see above) were suspended in a final volume of 45 u.1 containing 10 mM 
Tris-HCl (pH 8.3);50mM KCI; 1.5 mM MgCU; 100 ug of gelatin per ml; 0.2 mM 
(each) dATP, dGTP, dCTP, and dUTP; 12.5 pmol of each oligonucleotide 
primer; and 1 U of uracil-JV-glycolase (Gibco BRL, Gaithersburg, Md.). Samples 
were incubated at 37°C for 10 min, heated to 95°C for 10 min, and cooled to 80°C 
in a thermal cycler (Perkin-Elmer, Norwalk, Conn.). Five microliters of a solu- 
tion containing 1 U of Taq DNA polymerase (Appligene, Illkirch, France) was 
added by using a positive-displacement pipette prior to amplification. For am- 
plification of the IS6110 insertion element (oligonucleotides ISI and IS2), the 
cycling parameters were 95°C for 40 s, 65°C for 40 s, and 72°C for 15 s for 50 
cycles. For amplification of the DR region (oligonucleotides DRa and DRb). 2.0 
mM MgCI 2 was used; the cycling parameters were 95°C for 40 s, 55°C for 40 s, 
and 72°C for 15 s for 50 cycles. Amplification products were electrophoresed 
onto agarose gels and transferred to nylon membranes, membranes were hybrid- 
ized with ■'-P-labelled oligonucleotides, and positive signals were detected by 
autoradiography as previously described (23). 

Mycobacterial typing. To type mycobacterial DNA amplified in clinical spec- 
imens, the spacer oligotyping method described by Kamerbeek et al. (16) was 
used. Briefly, a 5-u.l aliquot of amplification products from positive reactions, 
were reamplified for 25 cycles by using the DR primer set in which the DRa 
oligonucleotide was biotinylated at the 5' extremity. Aliquots of the amplified 
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products were hybridized (6()°C. 60 min) in a reverse line blotting assay (17) by 
using a membrane to which synthetic oligonucleotides complementary to each of 
the 43 different spacers present in the DR cluster of M. tuberculosis H37Rv 
and/or Mycobacterium bovis BCG had been covalently linked. Membranes were 
washed at ftO°C to remove unbound amplification products and incubated with 
horseradish peroxidase-Iabelled streptavidin (Boehringer. Mannheim, Germa- 
ny), and positive hybridization was revealed by reaction with ECL detection 
reagents and by exposure of ECL hyperfilm (Amersham, Hertogenbosch, The 
Netherlands). 

Interpretation or results. In experiments evaluating clinical samples, each 
sample of pleural fluid from a patient with tuberculosis was processed in parallel 
with four control samples during all steps of the procedure (solubilization of 
DNA, purification of DNA by sequence capture and adsorption to silica matrix, 
and amplification). Two types of control specimens, spleen fragments from 
Wistar rats and pleural fluid samples from patients without tuberculosis, were 
. used. Two identical aliquots of DNA purified by sequence capture or silica 
matrix adsorption from the same sample were amplified in all cases. Samples 
were considered positive if one or both of the reactions gave a positive signal on 
autoradiography. Statistical comparisons were made by using the x 2 test. 

RESULTS 

Optimization of PCR. To minimize false-positive results due 
to carryover of amplified products from prior reactions, all 
PCRs were performed with dUTP instead of dTTP, and new 
reaction mixtures were pretreated with uracil-/V-glycosylase 
prior to amplification (19). After optimization of reaction con- 
ditions, positive results were obtained for amplification of the 
VS6110 fragment in 55 of 60 samples containing one genome of 
IDNA from M. tuberculosis in 500 ng of human DNA (final 
fgplume, 50 u.1), 28 of 60 samples containing as little as 0.1 
^genome, and 0 of 60 samples without mycobacterial DNA. This 
:|ensitivity is similar to that we obtained by amplifying this 
Sequence with dTTP (23) and approaches the maximal theo- 
SJtical sensitivity of the test. (Assuming that M. tuberculosis 
gj37Rv contains 15 copies of the IS6110 sequence and that 
35NA was fragmented during purification such that each se- 
gyence was on a separate fragment, 78 of 100 samples con- 
yining 0.1 genomes would contain an amplifiable target.) As 
^previously reported (18), optimal sensitivity was strictly depen- 
dent on the total amount of DNA present. When one genome 
M mycobacterial DNA was added to < 1 u.g of human DNA, 10 
jdjf 10 amplifications were positive, but 3 of 10 and 0 of 5 
factions were positive when the same amount of mycobacte- 
tjjtl DNA was amplified in the presence of 2 and 5 u,g of human 
DNA, respectively. 

^Development of techniques for sequence capture-PCR. Be- 
cause the presence of excess human DNA impairs the sensi- 
tivity of detection of mycobacterial DNA, we developed an 
approach to selectively purify mycobacterial DNA prior to 
amplification. Commonly, biotinylated oligonucleotides are at- 
tached to avidin-coated beads and subsequently incubated with 
denatured DNA containing sequences to be captured (direct 
capture). Positive results can be obtained by this approach 
for samples containing large amounts of mycobacterial DNA 
(sl00 genomes). We found, however, that direct capture rare- 
ly gave positive results for samples containing 10 or fewer 
mycobacterial genomes (data not shown), and this technique 
was abandoned in favor of the two-step capture procedure 
depicted in Fig. 1. 

To ensure that all captured sequences are present in the 
amplification reaction mixture, it is desirable to directly add 
magnetic beads containing the captured sequences to the PCR 
reaction mixture. The addition of up to 5 u.1 of magnetic beads 
had no deleterious effect on the amplification of mycobacterial 
DNA, although larger amounts of beads had progressively 
prominent inhibitory effects. Thus, capture was performed with 
10 (xl of beads; beads were subsequently divided into two equal 
aliquots (5 u.1 each) prior to amplification. This amount of 
magnetic beads could completely bind up to 5 pmol of each 




o 1 1 1 1 1 1 1 L. 

None 0.5 1 2.5 5 10 20 

AMOUNT OF EACH OLIGONUCLEOTIDE ADDED (pinoles) 

FIG. 2. Binding of capture oligonucleotides by avidin-coupled magnetic 
beads. Biotinylated capture oligonucleotides were labelled with 3 -P at their 3' 
ends by using terminal transferase, and tracer amounts of radiolabeled oligo- 
nucleotide were incubated with 10 p.1 of avidin-coupled magnetic beads for 2 h 
at 20°C in the absence (None) or presence of the indicated amounts of each 
unlabelled capture oligonucleotide. Cap- 1 and Cap-2 (solid symbols; n = 4) or 
Cap-DRa and Cap-DRb (open symbols; n = 3). Data are the means ± standard 
deviations of the maximum percentage of oligonucleotide bound, which repre- 
sented >85% of total radioactivity. 



capture oligonucleotide, but the binding of larger amounts of 
oligonucleotides was incomplete (Fig. 2). The efficiencies of 
capture of small amounts of mycobacterial DNA (slO ge- 
nomes) by using 1 and 2.5 pmol each of the two biotinylated 
capture oligonucleotides were compared and found to be 
equivalent (data not shown). These results indicate that the use 
of 2.5 pmol of each oligonucleotide was sufficient to ensure 
that the concentration of capture oligonucleotides was not a 
limiting factor in the efficient capture of mycobacterial DNA. 

Numerous other factors affecting the efficiency of sequence 
capture (e.g., solubilization of DNA, composition of the hy- 
bridization solution, and times and temperatures during hy- 
bridization and binding of oligonucleotides to beads) were also 
evaluated. To test the overall sensitivity of the conditions de- 
fined in these studies, fragments of animal tissues or human 
immune and inflammatory cells obtained by centrifugation of 
pleural fluid samples were digested by the established protocol 
and small amounts of mycobacterial DNA were added to some 
samples prior to performing capture and subsequent amplifi- 
cation of the IS6110 sequence. In these studies, 4 of 4 samples 
containing 100 mycobacterial genomes, 27 of 29 samples con- 
taining 10 mycobacterial genomes, and 8 of 13 samples con- 
taining 1 mycobacterial genome gave positive results, whereas 
none of the samples containing no added mycobacterial DNA 
was positive (Table 1). The positive samples used in these 
studies contained up to 750 u.g of DNA. Thus, it was possible 
to detect mycobacterial DNA in samples containing as little as 
0.001 mycobacterial genome per u.g of total DNA, represent- 
ing a 10- to 100-fold increase in sensitivity over that obtained 
by amplifying samples without prior enrichment of mycobac- 
terial DNA. 

Detection of mycobacterial DNA in pleural fluid samples 
from patients with tuberculous pleurisy. To determine wheth- 
er the improved sensitivity of the sequence capture technique 
would improve the detection of mycobacterial DNA in clinical 
samples, it was important to use specimens containing only 
small numbers of mycobacteria. Pleural fluid samples from 
patients with tuberculous pleurisy were chosen for this pur- 
pose. Compatible with the results for prior series (6, 9), my- 
cobacteria were not observed in pleural fluid samples from 
patients with tuberculous pleurisy by acid-fast staining and only 
3 of 17 of these samples were positive by culture (Table 2). For 
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TABLE 1. Comparison of the sensitivities of sequence capture- 
PCR in detecting two different mycobacterial sequences, 
IS6//0 and the DR region" 



Type of sample 



No. of .samples 
positive/no. tested 

IS67/0 DR region 



Animal tissues or human cells with purified 
mycobacterial DNA added* 

100 genomes 4/4 ND C 

5-10 genomes 27/29 25/26 

1-2 genomes 8/13 2/6 

Pleural fluids from patients with 1 1/15 10/15 
tuberculosis^ 

Control tissues 0/34 0/25 

" P > 0.3 for all comparisons between IS6II0 and the DR region by Fisher's 
exact test. 
* The total DNA was ==750 u.g. 
c ND. not done. 

'' Only samples for which sequence capture-PCR using both systems was per- 
formed. 



the detection of mycobacterial DNA by PCR, fluid samples 
obtained by thoracentesis were centrifuged and DNA was ex- 
tracted from the cell pellet by mechanical disruption and pro- 
' teolytic digestion. DNA was purified from an aliquot of the 
j sample by adsorption to a silica matrix, and the remainder of 
? the DNA, up to a limit of 750 p.g (total), was used for sequence 
2 capture (375 ± 278 u,g per sample; n = 17). 

When total DNA purified by adsorption to a silica matrix 
- was used for amplification of the IS6110 sequence by the IS1 
1 and IS2 primer pair, only 3 of the 16 samples evaluated were 
positive; the positive samples corresponded to those that were 
* also positive by culture. To ensure that negative samples could 
-support amplification, an internal standard that generates a 
443-bp product when amplified by the IS1 and IS2 oligonucle- 
otides was added to an identical aliquot of each sample prior to 
^amplification. The presence of an amplification product of the 
j; expected size was observed in 16 of 16 samples, indicating that 
J the presence of inhibitory substances could not explain the 
jnegative results obtained with these samples. 
j In contrast, when DNA was enriched for mycobacterial 
=DNA by the sequence capture technique prior to amplification 
= of the IS6110 sequence, positive results were obtained for 13 of 
17 samples from patients with tuberculous pleurisy, including 
the 3 samples that were positive by culture and 10 of the 14 
samples that were culture negative (P < 0.01; comparing re- 
sults for DNA purified by sequence capture and adsorption to 
silica). It is noteworthy that for six of these patients, mycobac- 
teria were never isolated by culture from any specimen sub- 
mitted. For three of these culture-negative patients, pleural 
fluid samples gave positive results by sequence capture-PCR; 
these findings represented the only direct evidence for the 
presence of M. tuberculosis in specimens from these patients. 

For each sample from a patient with tuberculosis, three or 
four control samples were processed in parallel during all steps 
of the procedure (solubilization of samples, purification of 
mycobacterial DNA by sequence capture, and amplification). 
Two fragments of a rat spleen were evaluated to ensure that 
reagents were not contaminated with mycobacterial DNA and 
that no transfer of mycobacterial DNA occurred during pro- 
cessing. In addition, one (n = 2) or two (« = 15) samples of 
pleural fluid from patients without tuberculosis were tested to 
evaluate the possibility that mycobacterial DNA could be re- 
covered from individuals without active tuberculosis. None of 



these control samples gave positive results (0 of 34 animal 
tissue and 0 of 32 nontuberculous pleural fluid samples). 

Amplification of the DR sequence from the M. tuberculosis 
complex by sequence capture-PCR. Sequences present in mul- 
tiple copies in the M. tuberculosis genome are particularly at- 
tractive targets for sequence capture. Although most strains of 
M. tuberculosis contain multiple copies of IS6//0, some strains 
have few copies; in certain geographical areas, strains not con- 
taining IS6//0 are prevalent (27). Therefore, we also devel- 
oped a sequence capture technique that targets an alternative 
mycobacterial sequence, the DR sequence. This sequence, 
which is also specific for the M. tuberculosis complex, is present 
as multiple highly conserved tandem repeats of 36 bp, each 
separated by a 35- to 41-bp spacer sequence (14). Unlike the 
DRs, each of these spacers has a unique sequence. Oligonu- 
cleotides DRa and DRb, which amplify fragments of variable 
lengths between two different DR sequences (including the 
intervening spacer and DR sequences), were used to amplify' 
this region (16). 

When samples containing known amounts of purified myco- 
bacterial DNA in 500 ng of human DNA were amplified, 
positive results were obtained for 11 of 1 1 samples containing 
2 to 10 mycobacterial genomes, 17 of 28 samples containing 1 
genome, and 0 of 9 samples containing 0.1 genome. The lower- 
level sensitivity of the DR system compared with that of the 
IS6//0 system for the detection of purified mycobacterial 
DNA is expected. Unlike the IS6//0 sequence, which is dis- 
persed in multiple copies throughout the mycobacterial ge- 
nome of the mycobacterial strain used as a standard in these 
studies, the repeated DR sequences are present at a single 
locus and therefore are likely to be present on a single DNA 
fragment. Thus, at limiting dilutions (si genome per sample), 
individual aliquots are less likely to contain fragments with the 
DR sequence than fragments containing the IS6110 sequence. 

When the sequence capture-PCR protocol was used, how- 
ever, marked differences in sensitivity between the DR and 



TABLE 2. Comparison of the detection of mycobacteria in clinical 
samples by standard bacteriological techniques and 
amplification of mycobacterial DNA 



Patients" 



No. of positive 
sputum samples/ 
no. tested 



Result with pleural fluid'' 



Bacteriology 



Amplification of 
IS6//0 





Acid-fast 
stain 


„ .. Acid-fast 
Culture . . 

stain 


Culture 


Silica 
adsorption 


Sequence 
capture 


1 


0/3 


3/3 


+ 


+ 


+ 


2 


0/3 


0/3 


+ 


+ 


+ 


3 


0/2 


0/2 


+ 


+ 


+ 


4 


0/3 


1/3 






+ 


5 


0/3 


2/3 






+ 


6t 


0/3 


0/3 






+ 


7 


3/3 


3/3 






+ 


8* 


0/3 


0/3 






+ 


9 


0/3 


1/3 






+ 


10 


3/3 


3/3 






+ 


lit 


0/3 


0/3 






+ 


12 


0/3 


1/3 






+ 


13 


0/3 


3/3 




ND 


+ 


14* 


0/3 


0/3 








15t 


0/3 


0/3 








16t 


0/3 


0/3 








17* 


0/3 


0/3 









" t. patient for whom culture of pleural biopsy was positive: t- patient for 
whom all cultures submitted were negative for mycobacteria. 
* +, positive result; -, negative result: ND. not done. 
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FIG. 3. Typing of mycobacterial strains by spoligotyping after sequence capture-PCR. Sequence capture-PCR targeting the DR region was performed as outlined 
in Fig. I on pleural fluid samples from patients with tuberculous pleurisy. For samples from individuals for which two independent reactions gave positive results, 
aliquots of the amplification products were reamplified by the DRa-DRb primer pair in which the DRa oligonucleotide was biotinylated. The amplification products 
were then hybridized to membranes to which synthetic oligonucleotides complementary to each of the 43 different spacers present in the DR cluster of M. tuberculosis 
H37Rv and/or M. bovis BCG had been covalently linked, and positive hybridization reactions were identified by detecting the presence of biotinylated amplification 
products using the ECL detection system (Boehringer Mannheim). Spacer oligonucleotides are displayed in numerical order from left to right on the membrane. Shown 
□re the results for four of the five patients (patients l, 5, 7, 8, and 10) for which the spoligotyping profiles from two independent reactions (a and b) were identical. 
Note that the profiles are unique for each patient and distinct from those obtained with DNAs from M. tuberculosis H37Rv (T) and M. bovis BCG (B). 



\S6110 systems were not observed. First, sequence capture- 
PCR targeting the DR sequence was performed on samples 
containing small amounts of mycobacterial DNA added to 
crude extracts of animal tissues or human immune and inflam- 
pmatory cells containing up to 750 u,g of human DNA. Positive 
Hesults were obtained for 25 of 26 samples containing 10 my- 
cobacterial genomes and 2 of 6 samples containing 1 mycobac- 
flferial genome, results not significantly different from those 
yjibtained by using the IS6110 system (Table 1). Similarly, crude 
Ifextracts of DNA recovered from pleural fluid samples of pa- 
rents with tuberculous pleurisy, available from 15 patients 
Evaluated by using the 1S6110 system, were also tested by the 
gBR sequence capture technique. Positive results were ob- 
fipined for 10 of 15 specimens, including all three samples that 
"were culture positive. For 12 samples, the results were concor- 
dant between the two systems, although 2 samples positive by 
Uising the IS6110 system were negative by using the DR system 
y3nd 1 sample positive by using the DR system was negative by 
basing the IS6110 system. 

IT! Typing of mycobacterial strains after sequence capture- 
-PCR. Although all strains of M. tuberculosis contain the DR 
yjibquence, the spacer sequences present are different for dif- 
jferent strains. Kamerbeek et al. (16) have used this observation 
"to develop a technique to type mycobacterial strains on the 
basis of the hybridization of amplification products of the DR 
region to a panel of synthetic oligonucleotides specifically rec- 
ognizing different spacer sequences (spoligotyping). To deter- 
mine whether the amplification products obtained from the 
pleural fluid samples of patients with tuberculous pleurisy were 
adequate to permit rapid typing, this approach was applied to 
these samples. 

It has previously been shown that when extremely small 
amounts of mycobacterial DNA are used, amplification of only 
a portion of the DR region may occur, producing incomplete 
spoligotyping profiles. Although this is not a problem when 
DNA is extracted from cultured mycobacteria, it is a potential 
problem when spoligotyping is applied to mycobacterial DNA 
obtained from paucibacillary clinical samples such as those 
studied here. To guard against this possibility, typing was re- 
stricted to samples for which positive results were obtained for 
both of the independent amplification reactions and for which 
the spoligotyping profiles were identical for two independent 
reactions. These criteria were met for 5 of the 10 pleural fluid 
samples that were positive for mycobacterial DNA after am- 
plification of the DR region, and the spoligotyping profiles are 



shown in Fig. 3. In each case, the profiles were distinct and 
different from that of M. tuberculosis H37Rv, the strain used as 
a positive control in these experiments. Thus, none of the 
patients was infected with the same mycobacterial strain, and 
in no case could positive results be explained by the inadver- 
tent contamination of the sample with DNA from another 
patient or the control strain. 

DISCUSSION 

In this study, we have developed a new PCR-based strategy, 
sequence capture-PCR, that permits the rapid enrichment of 
mycobacterial DNA present in crude extracts of clinical sam- 
ples prior to amplification and thereby results in a substantial 
increase in sensitivity of detection of mycobacterial DNA in 
these specimens. By using samples containing known amounts 
of DNA, this approach was shown to be 10 to 100 times more 
sensitive than are procedures in which total DNA is extracted 
prior to amplification. Furthermore, this improved sensitivity 
was shown to result in a much higher proportion of positive 
results when clinical samples from patients with tuberculous 
pleurisy were tested; only sequence capture-PCR permitted 
the detection and typing of mycobacteria in a majority of cul- 
ture-negative specimens from patients with tuberculosis. 

The specific capture of nucleic acids by immobilized oligo- 
nucleotides has numerous applications in molecular biology 
but has not found wide application in diagnostic tests. Muir et 
al. (20) used oligonucleotides coupled to magnetic beads to 
capture enteroviral RNA prior to reverse transcription-PCR. 
They found that although this method was simpler to perform, 
the sensitivity was similar to that obtained by traditional ex- 
traction techniques. We found, however, that when oligonu- 
cleotides recognizing mycobacterial DNA were directly cou- 
pled to beads (direct capture), the efficiency of capture of 
mycobacterial DNA was much less than that when the bioti- 
nylated oligonucleotides were hybridized to mycobacterial 
DNA in solution and subsequently bound to avidin-coated 
beads (two-step capture). The reasons that direct capture was 
less efficient were not studied, but it may result from poor 
diffusion of the immobilized oligonucleotides and/or steric in- 
terference by the large beads. In practice, two-step capture was 
no more difficult to perform; the only disadvantage is the risk 
that endogenous biotin could impair efficient binding of bioti- 
nylated oligonucleotides. Endogenous biotin was not found in 
clinical specimens of lungs, lymph nodes, pleural fluids, or 
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peripheral blood leukocytes. When present (e.g., biopsies of 
livers and kidneys), it could be removed by pretreating samples 
with avidin-Sepharose prior to capture (unpublished data). 

Our study confirms prior reports (18) that the sensitivity of 
detection of rare target sequences by PCR is highly dependent 
on the amount of total DNA in the sample; the sensitivity of 
detection of mycobacterial DNA was clearly lower in samples 
containing more than 1 to 2 u.g of total DNA in a 100-u.l 
reaction mixture. Because many clinical samples, such as the 
pleural fluid samples studied here, contain several milligrams 
of DNA, only a small fraction of the sample can be used when 
total DNA is studied. In contrast, sequence capture-PCR elim- 
inates essentially all cellular DNA, thereby permitting the anal- 
ysis of all or the majority of the sample in a single reaction. We 
have demonstrated that mycobacterial DNA can be detected in 
a variety of clinical samples, including samples containing large 
amounts of DNA (e.g., sputum, tissue biopsies, and peripheral 
blood cells). In addition, sequence capture eliminates potential 
inhibitory substances present in crude samples. For example, 
we found that mycobacterial DNA present in tissues contain- 
ing large amounts of hemoglobin or those extracted with 1% 
sodium dodecyl sulfate, both strong inhibitors of Taq polymer- 
ase, could be successfully amplified after sequence capture. 
An important finding in the present study was the observa- 
plion that sequence capture-PCR permitted the detection of 
Srrycobacterial DNA in the majority of culture-negative pleural 
jflluid samples from patients with tuberculosis. Prior studies 
lUiave reported detecting mycobacterial DNA in culture-nega- 
jjjive specimens from patients with tuberculosis (7, 1 1-13, 19, 
f?22, 24), indicating that nonviable organisms can be present in 
3hese samples because of the mycobactericidal action of in- 
inflammatory cells or loss of viability attendant with sample 
processing. Nevertheless, in previous studies by us and other 
Qgroups in which total DNA was amplified, only occasional 
g culture-negative samples gave reproducibly positive results. In 
P=contrast, sequence capture-PCR gave positive results for 10 of 
M 4 culture-negative samples. For three of the patients studied 
yiere, the detection of mycobacterial DNA by sequence cap- 
Dure-PCR was the only direct evidence for the presence of M. 
u^iberculosis in these patients, as multiple sputum, pleural fluid, 
'jknd pleural biopsy cultures were negative. 

Systems permitting the amplification of two different myco- 
bacterial sequences, IS6110 and the DR region, were devel- 
oped in these studies. Both were shown to be highly efficient in 
detecting DNA from as few as 10 mycobacteria in 750 u,g of 
total DNA, and the sensitivities of these two systems for the 
detection of mycobacterial DNA in tuberculous effusions were 
not different. These results suggest that sequence capture-PCR 
can be applied to a variety of different target sequences. Fur- 
ther studies will be needed to rigorously compare the sensitiv- 
ities of the two systems described here in clinical practice, but 
two potential advantages of the DR system merit mention. 
First, the DR sequence is always present in organisms of theM 
tuberculosis complex in multiple copies; strains not containing 
this sequence have not been identified. In contrast, the IS6110 
sequence is present in only one or two copies in many M. 
tuberculosis strains and strains lacking IS6/i0 have been re- 
ported (1, 26, 27). Second, as confirmed in this study, ampli- 
fication products generated by amplifying the DR region can 
be used to type the mycobacterial strain detected, thereby 
permitting rapid identification of community outbreaks or nos- 
ocomial infection. Current work in our laboratory is directed at 
automating the sequence capture-PCR procedure, thereby 
permitting routine clinical use of this highly sensitive approach. 
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= INTRODUCTION 

Pjiring the last 5 to 7 years, the advantages of diagnostic 
moficular techniques have been so widely publicized that in- 
creasing pressure has been placed on clinical microbiology 
laboratories to apply them for the detection of a wide variety of 
infgstious agents, especially since test kits for some applica- 
tions, are being made commercially available. In this paper, we 
revtgw the efficiency and practicability of nucleic acid amplifi- 
cation techniques for the diagnosis of respiratory tract infec- 
tions. 

Before introducing molecular techniques in the diagnostic 
laboratory, several strategic questions must be addressed: 
which organisms should be targeted; which clinical specimens 
should be tested; and do these molecular tests fulfill the re- 
quired criteria of high sensitivity and specificity, speed, sim- 
plicity, and clinical relevance? In general, moleculai diagnostic 
techniques are indicated (i) for the detection of organisms that 
cannot be grown in vitro or for which current culture tech- 
niques are too insensitive, or (ii) for the detection of organisms 
requiring complex media or cell cultures and/or prolonged 
incubation times. For respiratory infections, the following or- 
ganisms meet the criteria described above: rhinoviruses. coro- 
naviruses, hantaviruses, Bordetella pertussis. Legionella species, 
Coxiella burnetii. Chlamydia trachomatis. Chlamydia psittaci, 
Chlamydia pneumoniae. Mycoplasma pneumoniae, Mycobacte- 
rium tuberculosis, fungi, and Pneumocystis carinii. 
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This review concentrates on those respiratory agents for 
which considerable numbers of clinical specimens have been 
examined. Studies concerning the development of tests for the 
corresponding pathogens are not considered. Respiratory dis- 
ease due to cytomegalovirus is not discussed because it does 
not result from an airborne infection but most frequently from 
a reactivation of a latent infection in relation to an immuno- 
suppressive state, in which the interpretation of the virological 
investigations poses particular problems. 

The basic principle of any molecular diagnostic test is the 
detection of a specific nucleic acid sequence by hybridization to 
a complementary sequence, a probe, followed by detection of 
the hybrid (21). However, the sensitivity of nucleic acid probe 
tests that do not involve amplification is lower than that of 
classical diagnostic tests (191). This lack of sensitivity applies 
to the detection of respiratory pathogens including rhinovi- 
ruses (3. ]6), M. pneumoniae (71. 102. 103, 176), C. pneu- 
moniae (19), and M. tuberculosis (150). The main use of the 
nonamplification probe procedure is in the identification 
rather than the detection of microorganisms (32, 45). 

Thereupon, techniques have been developed to amplify the 
target nucleic acid or the probe. Any stretch of nucleic acid can 
be copied by using DNA polymerase, provided that some se- 
quence data are known to allow the design of appropriate 
primers. DNA replication was made possible in 1958. when 
Kornbcrg discovered the DNA polymerase (106). For many 
years, one of the main applications of this discovery was in the 
DNA-scquencing procedure of Sanger et al. (166). In 1986. 
Mullis et al. (132) introduced a reiterative process. PCR, which 
leads to an exponential increase in the production of the nu- 
cleic acid. In view of the immense number of possible appli- 
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cations in the most diverse fields, commercial interest was 
immediately awakened. Alternative nucleic acid amplification 
techniques were developed and patented, using different en- 
zymes and strategies, but they are all based on reiterative 
reactions (29, 60, 110, 115, 216). 

Nucleic acid amplification techniques can be classified by 
several criteria. Conceptually, there are those in which the 
target nucleic acid is amplified and those in which the probe is 
multiplied (21, 215); from a practical point of view, there are 
the in-house-developed applications and the commercially 
available tests. Target nucleic acid amplification techniques 
include PCR, the strand displacement amplification, and the 
isothermal RNA self-sustaining sequence replication reaction, 
from which the commercialized nucleic acid sequence-based 
amplification (NASBA) and the transcription-mediated ampli- 
fication (TMA) are derived. The ligase chain reaction (LCR), 
in the so-called gapped LCR format, is a combination of target 
and probe amplification. The Q(3 replicase amplification 
(QPRA) involves probe amplification only. 

PCR (132) consists of a number of temperature cycles, each 
cycle consisting of two or three temperature steps: denatur- 
ation to ensure the separation of the target DNA duplexes, 
annealing to allow added synthetic oligonucleotide primers to 
hybridize to the DNA target, and extension to allow the added 
DNA polymerase to synthesize complementary DNA strands. 
In seme protocols, annealing and extension occur at the same 
terfijaerature. After a series of these temperature cycles, the 
specific PCR product or amplicon, consisting of the two prim- 
ersfbjridged by the intervening nucleotide sequence, accumu- 
latfsj Modifications of the basic procedure are nested PCR 
(14S|, multiplex PCR (25), and reverse transcriptase (RT) 
PCjg(149). 

fafa nested PCR (149), a second round of amplification is 
pedBrmed, using the amplicon of the first round as a target 
andjg pair of primers complementary to sequences within this 
amplicon, the amplicon of the second reaction being shorter 
thajyhat of the first. The advantage of nested PCR is increased 
sensitivity, but this is achieved at the cost of a high risk of 
crosllcontamination, since the tubes containing amplicons 
havgto be opened after the first stage to add new reagents for 
the ; "s|cond stage. It also increases the specificity of the reac- 
tiortgince the internal primers anneal only if the amplicon has 
the^serresponding, expected, sequence. 

Inja multiplex PCR (25) several independent amplifications 
are carried out simultaneously in one tube with a mixture of 
primers. However, since the annealing temperatures for the 
respective primer pairs are not necessarily identical, problems 
of specificity of the individual reactions may result. 

In an RT-PCR (149), an RNA target, usually viral RNA, is 
first transcribed into complementary DNA, enabling the PCR 
to proceed. 

The TMA and NASBA (29. 60) amplify RNA via the simul- 
taneous action of three enzymes: an RT (which also has poly- 
merase activity), an RNase, and an RNA polymerase. The 
synthesis of cDNA is primed by specially designed oligonucle- 
otide primers, one end of which is a target-specific sequence, 
while the other end contains a promoter for the RNA poly- 
merase. The RT synthesizes an RNA-DNA hybrid, the RNase 
digests the RNA component, and the RT synthesizes double- 
stranded DNA; finally, the RNA polymerase produces numer- 
ous RNA copies. 

In the LCR (216), after heat dcnaluration of the double- 
stranded DNA. two pairs of primers anneal to each strand of 
the target. A DNA ligase joins the primers, and the ligation 
product is released by healing and serves as template for new 
ligations. In the gapped LCR ( 1 10). a gap of I to 3 bases is left 



between the primers and is filled in by the action of added 
DNA polymerase, before the primers are covalently linked by 
a ligase. In subsequent cycles, the ligated primers act as targets 
for further annealing and ligation. 

In the Q(3RA (115), a specifically synthesized RNA probe is 
used. It contains a sequence specific for a target, either DNA 
or RNA, a sequence to enable the capture of the probe-tem- 
plate hybrids, and a sequence recognized by the QP replicase 
enzyme to start replication. After annealing of the probe to the 
target, the hybrids are captured, and the probe is removed 
enzymatically and amplified by the Qp replicase. This tech- 
nique is still largely in the developmental stage, the main dif- 
ficulty being the separation of nonhybridized from hybridized 
probe before amplification. 

Each of the amplification techniques is composed of three 
parts: sample preparation, amplification, and product detec- 
tion. The sample preparation step involves primarily the liber- 
ation and concentration of the target nucleic acid and the 
elimination of amplification inhibitors. A great diversity of 
sample preparation procedures has been described, particu- 
larly for PCR. Inhibitors occur frequently and may be difficult 
to eliminate: heme compounds (79) and polysaccharides in 
sputum (109), as well as some reagents (67) and components of 
swabs (207). 

The amplification step should aim at maximum sensitivity 
and specificity through judicious choice of the primers and 
optimal temperatures when thermocyling is involved, offer 
maximum protection against contamination, and include 
proper positive and negative controls. The purpose of the 
positive control is to monitor the amplification process, partic- 
ularly to detect inhibitors of the reaction. Concomitant ampli- 
fication of human p-globin has been used frequently for this 
purpose. At the same time, it determines the presence of host 
cell material, which is particularly useful after elaborate sam- 
ple preparation procedures. However, it requires the introduc- 
tion of specific primers into the reaction, resulting in a multi- 
plex PCR. To avoid this problem, a PCR for the globin is 
sometimes performed in a separate tube, but the optimal cy- 
cling temperatures for this internal control may differ from 
those required for the principal reaction. Therefore, specific, 
positive internal controls are preferred. These are modified 
amplicons that have been made shorter or longer and are 
added to each reaction tube. Their ends are identical to those 
of the target, and therefore they are amplified by the same 
reagents as the real target, but they are easily differentiated 
from it by being shorter or longer (6, 38, 44, 64, 96, 105, 137, 
148, 151, 167, 188, 197, 198). By adding specific positive inter- 
nal controls to the samples at the very start of the process, the 
efficacy of the sample preparation procedure can be assessed. 
Moreover, the addition of specific internal controls avoids the 
use of reference organisms or their nucleic acid as positive, 
external controls, thus eliminating an important possible 
source of contamination. The addition of a limited amount of 
internal control should not significantly reduce the sensitivity 
of the procedure, and it offers greater advantages than disad- 
vantages (198). Internal controls allow also the quantitation of 
the reaction (96). 

Negative controls are target-free samples, usually distilled 
water, which are subjected to the same manipulations as the 
test samples. Their purpose is to detect contaminations be- 
tween reaction tubes. Indeed, after numerous exponential nu- 
cleic acid amplifications, there are ample sources of cross- 
contamination in the laboratory. The greater the number of 
manipulations, the greater the risk of cross-contamination 
among the specimens, especially if multiple centrifugations arc 
required. Appropriate measures should he taken to avoid con- 
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TABLE 1. Diagnostic methods for respiratory viruses 



Rapid conventional 

methods available Re | e vam Reference(s) 



Adenoviruses 


+ 


No 




Influenza viruses 


+ 


No 


27 


Parainfluenza viruses 


+ 


No 




RSV 


+ 


No 


146 


Herpes simplex virus 


+ 


No 




Rhinoviruses 




Yes 


7, 69, 89, 91 


Coronavi ruses 




Yes 


133 


Enteroviruses 




Yes 


91 



tamination. These measures include the use of three different 
rooms with restricted access for each of the reaction steps, the 
use of appropriate pipette tips, and cleaning of the area by UV 
irradiation, or the use in the PCR of dUTP instead of dTTP, 
allowing disintegration of unwanted, possibly contaminating, 
amplicons by uracil-W-glycosylase (177). 

Because of the exquisite sensitivity of nucleic acid amplifi- 
cation tests, there should be a constant awareness of the pos- 
sibility of false-positive results. These not only are due to 
cross-contaminations in the laboratory but also may result 
ff©rn contaminations during sampling, particularly when or- 
girjisms, such as fungi or legionellas present in the environ- 
rfiMit, are studied. Samples from treated patients may remain 
positive for prolonged periods (39, 63, 75). For all these rea- 
scgis, confirmation of the existence of some microorganisms in 
sfificlinical infections or a carrier state becomes difficult. 

!3n the PCR and the LCR, the amplicons can be detected by 
geP electrophoresis, followed or not by solid- or liquid-phase 
hpgridization with a specific probe, by fluorescence (88), or by 
ajrnenzyme immunoassay (EIA) reaction. Hybridization can 
increase the sensitivity of the detection 10- or 100-fold. The 
amplicons of NASBA and TMA are detected by hybridization 
ofeby a commercial luminescence reaction (41), and those of 
tiyiQpRA can be detected by an incorporated fluorescent dye. 

fjit present, PCR is undoubtedly the most widely used am- 
plication technique, probably because it was the first one 
described and was introduced rapidly in innumerable labora- 
toBes for a wide variety of applications. Commercial formats of 
PiuR (Roche), TMA (MTDT, GenProbe), NASBA (Organon 
Teknika), and LCR (Abbott) have been developed, particu- 
larly for infectious agents for which large numbers of clinical 
specimens are tested: sexually transmitted agents (Neisseria 
gonoirhoeae, C. trachomatis, human immunodeficiency virus- 
es), hepatitis C virus, and M. tuberculosis. In these formats, the 
amplicon is detected either by a semiautomated EIA reaction 
(Roche) or by an electrochemiluminescence procedure or a 
hybridization reaction (Organon Teknika), or it is coupled to 
an existing acridinium ester luminescent nucleic acid probe 
technique (GenProbe) or a previously developed, automated 
EIA technique (Abbott). 

In-house tests are more versatile and can easily be applied to 
any target by switching to the appropriate primers and. if 
necessary, adapting the cycling temperatures accordingly. 

MOLECULAR DIAGNOSTIC TECHNIQUES FOR ACUTE 
RESPIRATORY TRACT INFECTIONS 

Viruses 

Tabic 1 illustrates the present situation for the diagnosis of 
adenovirus, influenza virus, parainfluenza virus, and respira- 
tory syncytial virus (RSV) infections for which rapid conven- 



Clin. Microbiol. Rev. 

tional techniques are available: influenza virus and RSV can be 
detected in trie clinical specimens by immunofluorescence and 
parainfluenza virus and adenovirus can be detected by immu- 
nofluorescence after incubation for 48 h in shell vial cultures 
(147). In these cases, nucleic acid amplification techniques 
have no added value in terms of sensitivity or rapidity. In one 
study (27), comparing PCR with conventional techniques for 
the detection of influenza virus, the authors concluded that 
there are no arguments for the introduction of PCR for the 
diagnosis of influenza virus infection. In a study by Paton et al. 
(146), PCR for RSV had a sensitivity of 94.6% and a specificity 
of 97%; the molecular technique detected 1% of cases undi- 
agnosed by culture and EIA. Clearly.. PCR does not represent 
significant improvement over existing methods for the detec- 
tion of these viruses. 

Rhinoviruses and coronaviruses grow poorly in cell culture. 
In addition, rapid immunofluorescence and/or culture tech- 
niques are not available for the direct detection of these viruses 
in clinical specimens (7, 69). Typically, rhinoviruses are iso- 
lated in roller cultures, sometimes after several blind passages, 
followed by acid lability testing. More than 100 serotypes are 
known. PCR is much more sensitive than is culture (136): 
Ireland et al. (89) and Johnston et al. (91) detected five and 
three times as many rhinoviruses by PCR, respectively, com- 
pared with the best available cell culture techniques. In an- 
other study (59), significantly more multiple-virus infections by 
RSV, parainfluenza viruses, and rhinoviruses were detected by 
RT-PCR than by culture. However, some technical details 
must still be worked out. To detect the large number of rhi- 
novirus serotypes, regions within the conserved noncoding 5' 
untranslated region of the genome are amplified (54), leading 
to cross-reactions with many enteroviruses. Several methods 
have been used to detect rhinoviruses specifically: a nested 
procedure, the use of primers spanning a region between the 5' 
untranslated region and the VP2/VP4 region, hybridization 
with specific probes (69), and differentiation on the basis of the 
size of the amplicons (89, 141, 196) or sequencing (131). Nev- 
ertheless, Johnston et al. (91) could identify only 8 of 30 pos- 
itive samples as rhinoviruses on the basis of either acid lability 
or the length of the amplicon, with 73% remaining "unclassi- 
fied picornaviruses." Another problem emerging from studies 
on human rhinoviruses by PCR is whether healthy carriers 
exist: 12 and 4% of samples from asymptomatic children and 
adults, respectively, were positive for picornavirus by PCR 
(91). 

Clearly, there is still more to learn about the epidemiology of 
rhinoviruses, particularly in children, infants, and the elderly. 
Molecular diagnostic techniques offer the necessary tools. 

A PCR based on the genomic sequences of the two known 
human coronavirus strains, 229E and OC43, is available (133), 
and it is highly likely that more, as yet uncultivated, human 
coronaviruses remain to be detected. No extensive studies to 
define better the role of coronaviruses in respiratory infections 
have been undertaken. 

Hantavirus pulmonary syndrome, a rodent-borne infection, 
appeared in 1993 and 1994 in the New Mexico- Arizona-Colo- 
rado area. It is characterized by fever, myalgias, headache, and 
cough, followed rapidly by respiratory failure. Antibodies 
against heterologous hantavirus antigens were initially used to 
identify the causative agent, and then the hantavirus genome 
was detected by PCR in autopsy specimens (135). Specific 
genetic rccombinant-dcrived proteins were prepared from vi- 
ral genomic sequences amplified from tissues obtained from 
patients who died of confirmed hantavirus illness (108). Since 
the virus has not yet been cultured. PCR with specific primers 
and serology arc the only diagnostic possibilities. 
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Rapid diagnostic techniques for respirator)' pathogens are 
not only important for clinical-epidemiological reasons but are 
also useful so that treatment can be appropriately initiated 
within the first 24 h or halted when the symptoms are found to 
be caused by another microbial agent. 

Bacteria 

Bordetella pertussis. Despite the routine immunization of 
children, pertussis continues to be an important disease in 
infants and young children. During the last 2 years, there has 
been a resurgence of pertussis in the United States (24), Italy, 
the Russian Federation, and Sweden (165). In 1994, approxi- 
mately 3,500 to 4,000 cases were reported to the Centers for 
Disease Control and Prevention in the United States (24). 
These figures probably underestimate the true incidence of 
pertussis because of the difficulty in confirming the diagnosis 
(70, 182). The major reservoir for pertussis now appears to be 
previously vaccinated adolescents and adults with atypical and 
often unrecognized symptoms of pertussis. Making the clinical 
diagnosis of pertussis in this reservoir is more challenging 
because many of these patients do not have the classic cough- 
ing paroxysms or "whoops." 

The conventional laboratory diagnosis of pertussis has relied 
on_culture, direct immunofluorescence, and serologic testing. 
Each of these methods has problems with either sensitivity or 
sggcificity (47, 70, 182). Diagnosis by culture is specific but not 
very sensitive since most individuals are culture negative at the 
tfirfe when clinical symptoms are apparent. Direct immunoflu- 
offe&cence is prone to a large number of false-positive results, 
aKj when used on a single specimen, serologic testing is often 
nonspecific. Follow-up confirmation with a second specimen 
wgyld result in a 3- to 4-week delay in the diagnosis. These 
pBlplerns have led to an inability to confirm the diagnosis in 
rrkfiy patients, and therefore nucleic acid amplification tech- 
niques, in practice PCR, have been used (8, 40, 47, 68, 72, 73, 
16% 170, 199). The presence of a repetitive gene element in B. 
pefiussis increases the sensitivity of the PCR. The reaction 
aRyws also a clear-cut distinction between the pathogenic B. 
p&Assis and the usually nonpathogenic B. parapertussis (199). 

[An unexpected origin of false-positive PCR results for B. 
pejfussis was described by Taranger et al. (187). Pharyngeal 
samples were obtained in a room that was grossly contami- 
nated with pertussis DNA because killed, whole-cell pertussis 
vaccine was administered in the same room. 

In a recent report (123), several aspects of PCR-based de- 
tection of B. pertussis were discussed. The main conclusions, 
which we can support, were that (i) there are no comparative 
studies between the different PCR procedures; (ii) although 
the PCR procedures used in different laboratories can detect 
80 to 100% of the culture-positive samples, the percentage of 
PCR-positive samples that were culture negative differed by 13 
to 88%; (iii) there is need for rigorous control of false-positive 
and false-negative results: (iv) questionable results must be 
confirmed by a second method; and (v) PCR-positive results 
are acceptable only for individuals with classical symptoms of 
pertussis. The clinical and epidemiological significance of a 
PCR-positive result in someone with mild or no symptoms 
should be interpreted with caution, and, if possible, other 
markers, such as serologic tests or epidemiologic data should 
be used in addition. Finally, it is loo early to recommend a 
standard PCR technique for the dclcction of B. pertussis in 
clinical specimens, because no comparative studies have been 
done. 

Iwgionella species. Legioncllac are ubiquitously distributed 
in natural and man-made water systems (44. 2(16). Respiratory 
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infections caused by Legionella spp. often occur in immunode- 
ficient persons. Cultures of bronchoalveolar lavage specimens 
take a minimum of 48 to 72 h to grow, and plates should be 
incubated for 7 days. Jaulhac et al. (90) applied PCR retro- 
spectively to frozen bronchoalveolar lavage specimens. They 
confirmed all culture-positive specimens and found additional 
specimens positive by PCR from patients whose clinical fea- 
tures were in accordance with legionellosis. Kessler et al. (98), 
in a prospective study combining a rapid DNA extraction pro- 
cedure with a commercial kit for the amplification and detec- 
tion of legionellae in environmental samples, detected the or- 
ganisms in all specimens later confirmed by culture. In another 
study (125), legionellae were detected by PCR but not by 
conventional culture. 

In an effort to detect Legionella infections by the examina- 
tion of specimens obtained by less invasive procedures, Mai- 
wald et al. (120) examined urine specimens from experimen- 
tally infected guinea pigs and patients by an EIA and by PCR. 
PCR was more sensitive than EIA in detecting legionellae, and 
two urine samples were intermittently positive, indicating that 
DNA is not continuously excreted. The advantage of PCR over 
EIA is that PCR is a genus-specific reaction whereas antigen 
detection must be performed with a variety of serogroup re- 
agents to cover the spectrum of possible causative species. The 
authors concluded that a more detailed prospective study of 
hospitalized patients with pneumonia is warranted. Their re- 
sults also illustrate the recurring problem of contamination 
associated with amplification techniques, since 3 of 30 control 
samples from patients with urinary tract infections were posi- 
tive, possibly as a result of contamination by hospital water. 

The need for nucleic acid amplification techniques for Le- 
gionella infections can be questioned in view of their relatively 
easy isolation from respiratory specimens within a moderate 
time span and the ability to prevent nosocomial legionellosis by 
control of legionellae in the hospital plumbing system (114). 
PCR may be more suitable for the detection of legionellae in 
environmental specimens to avoid overgrowth by contaminat- 
ing organisms (119). 

Coxiella burnetii. C. burnetii is a fastidious intracellular bac- 
terium. Different strains show heterogeneity in their growth 
conditions, with some being very difficult to culture in vitro. 
The isolation of C. burnetii was greatly improved and facili- 
tated by application of the shell vial assay technique (159), 
which produced results within 6 days. A PCR for C. burnetii 
(181) has been shown to be very sensitive and specific and is 
able to produce results within 6 h. It can be applied to inocu- 
lated shell vials or directly to clinical specimens. For the time 
being, this procedure will remain restricted to reference labo- 
ratories in countries or areas where the disease does occur, as 
illustrated recently by To et al. (194). 

Chlamydia species. Three Chlamydia species are responsible 
for human respiratory infections: C. psinaci and C. pneumoniae 
in adults and older children, and C. trachomatis in newborns, 
who are infected during delivery. 

The last organism has been implicated, by serology (2), in 3 
to 18% of all cases of infant pneumonitis. Although nucleic 
acid amplification techniques for the detection of C. tracho- 
matis in genitourinary specimens have been intensively studied, 
there are no such studies on respiratory specimens. It could 
well be that the techniques used for genitourinary specimens 
cannot be applied unchanged to respiratory specimens, partic- 
ularly the specimen preparation procedure (41). 

C. psinaci may be an important human pathogen in some 
areas and may be underdiagnosed on the basis of serologic 
testing alone. Since respiratory infections by C. trachomatis 
and C. psinaci occur sporadically, there has been less need or 
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opportunity for the application of amplification techniques for 
these infections. Several research groups have developed a 
two-step procedure for the successive detection of organisms 
belonging to this genus and their subsequent identification to 
the species level, by the amplification of a common genus- 
specific DNA sequence followed by digestion with restriction 
enzymes (80, 160, 210) or by a nested PCR (195). None of 
these procedures has been applied on a significant scale. 

The role of C. pneumoniae in disease was discovered rela- 
tively recently, but the insensitivity of cell culture techniques 
has hampered extensive clinical and epidemiological investiga- 
tions. In addition, serologic tests are labor-intensive, since they 
rely on microimmunofluorescence tests for detection of both 
immunoglobulin M (IgM) and IgG. Serologic investigations 
seem to indicate that the culture technique fails to detect many 
infections. However, taking into account the shortcomings of 
serologic testing, in terms of specificity and sensitivity (58), it 
can be surmised that the techniques available fail to diagnose 
C. pneumoniae infections to an unknown extent, although the 
organism does not seem to be a common cause of respiratory 
infection in children (65). Therefore, several PCR primer sets 
have been developed to detect either outer membrane or 16S 
rRNA coding genes (10, 19, 55, 58, 66, 143, 157, 160). 

One of the difficulties in evaluating nucleic acid amplifica- 
tion tests for the diagnosis of C. pneumoniae infections is the 
chgce of the reference or "gold standard." Because culture is 
restively insensitive, many studies refer to serologic results, 
ccgifidering the presence of IgM, a fourfold increase in anti- 
bd>% titers during and after the acute disease episode, or an 
IgS titer of at least 512 to be significant. The presence of 
Clascal symptoms cannot be taken into account, since asymp- 
tomatic infections by C. pneumoniae have been documented by 
cuWiire and PCR (84). 

=M addition to this problem of the appropriate reference 
mQhod to use for the detection of C. pneumoniae, inhibitors of 
PCR are common components of the specimens. Some solu- 
tions have been proposed, including the use of samples such as 
gauged water, throat swabs, or nasopharyngeal swabs instead 
ofymsopharyngeal aspirates or sputum (157, 195), alternative 
sample treatment methods (62, 117), and introduction of a 
nested PCR (11). 

H all studies in which they were compared, PCR detected 10 
to#)% more cases than culture, but in turn serologic deter- 
mijption detected 10 to 20% more cases than PCR. In one 
study (58), when compared with the combination of a positive 
culture and direct immunofluorescence test, the PCR had a 
sensitivity of 76.5% and a specificity of 99%; when compared 
with the combination of a positive PCR and direct immuno- 
fluorescence test, the sensitivity of culture was 87.5%. In the 
same study, only 8 acute-phase serum specimens (23%) of the 
35 C. pneumoniae culture- or PCR-positive patients had a 
diagnostic antibody titer, as did 18.8% of those from 80 asymp- 
tomatic persons. Thorn et al. (192) diagnosed 21 cases by 
serologic testing among 743 middle-aged and older patients; 15 
of the patients were positive by PCR. Gaydos et al. (56) studied 
132 C. pneumoniae culture-negative BAL specimens from 108 
immunocompromised patients. A total of 20 C. pneumoniae 
infections were diagnosed: 8 by PCR. 4 by PCR and serologic 
testing, and 8 by serologic testing alone. In this study. PCR and 
serologic testing had a sensitivity and specificity of 33.3 and 
91 %. respectively, and both detected 60% of the cases. Thus, it 
seems that both conventional culture and PCR diagnose only a 
fraction of the total number of cases and that the diagnosis of 
individual infections by serology is by no means straightfor- 
ward, due to the occurrence of many "false-negative and false- 
positive results. 
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Many aspects of the diagnosis of C. pneumoniae infections 
by amplification techniques remain to be explored. There is 
need for an internal control; for comparisons of different types 
of samples, sample preparation methods, and primers; and for 
several amplification techniques to be performed on the same 
specimens. 

Mycoplasma pneumoniae. M. pneumoniae grows slowly in 
vitro, requiring 2 to 4 weeks for colonies to appear. Therefore, 
research laboratories have identified several genomic se- 
quences suitable for amplification, including the PI gene (87), 
the 16S rRNA gene (201), and a species-specific protein gene 
(116). In clinical studies, the sensitivity and specificity of am- 
plifications based on these sequences were 90 to 94% and 97 to 
100%, respectively (34, 57, 86, 94, 112, 116, 122, 176, 178, 193, 
201). PCR also detected M. pneumoniae in specimens from 1 to 
3% of healthy subjects (116, 193) or convalescent patients, 
raising the possibility of a carrier state or persistence of the 
organism in the respiratory tree. In a recent study (86), 371 
nasopharyngeal aspirates from children with acute respiratory 
infections were examined for viruses by rapid conventional 
techniques and for the presence of M. pneumoniae by culture 
and several different PCR protocols in two laboratories. Each 
laboratory applied one sample preparation method: freezing- 
boiling or isothiocyanate treatment, followed by phenol-chlo- 
roform extraction. Prepared samples were exchanged between 
laboratories. In both laboratories, identical primers were used 
in the PCR directed against the PI gene, while one laboratory 
also used primers against the 16S rRNA gene. A specific in- 
ternal control for the PI amplification was included (198). 
Samples were defined as positive if (i) culture was positive for 
M. pneumoniae, (ii) culture and PCR for the PI and/or the 16S 
rRNA genes were positive, or (iii) PCR was positive for both 
the PI and 16S genes after a particular extraction procedure. 
Samples positive by PCR for only one of the primer pairs were 
considered as contaminants. Compared with PCR, culture had 
a sensitivity of 61%. For the PCR, depending on the prepara- 
tion method used, sensitivity with the PI primers was 76.9 to 
92.3% on inspection of the electrophoresis gel and 92.3% after 
hybridization. The specificity was 100%. Depending on the 
sample preparation method, amplification of the 16S rRNA 
gene had a sensitivity of 53.8 to 84.6% on visual inspection of 
the electrophoresis gel and 69.2 to 92.3% after hybridization. 
The specificity was 100%. It was concluded that, provided a 
specific positive internal control is used, sample preparation by 
freezing-boiling combined with PCR for the PI gene and am- 
plicon detection by visual inspection of the electrophoresis gel 
could be recommended for clinical use, although the best re- 
sults were obtained by hybridization with a labeled probe. 
False -positive results occurred in 0.2% of the reactions. It 
remains to be seen whether the finding of Resnikov et al. (163) 
that throat swabs contain significantly fewer PCR inhibitors 
than do nasopharyngeal aspirates is confirmed and that the 
effect does not simply result from dilution. 

In the same study by Ieven et al. (86), M. pneumoniae was 
found in 3.5% of the samples but significantly more often 
(6.9%) in those from children older than 2 years of age. M. 
pneumoniae was the third most common etiologic agent of 
acute respiratory infections in children, after RSV and influ- 
enza virus. In lower respiratory infections, such as broncho- 
pneumonia and pneumonia. M. pneumoniae was found as fre- 
quently as RSV. PCR is unquestionably an important step 
forward for the diagnosis of M. pneumoniae infections. 

Mycobacterium tuberculosis. Amplification techniques for the 
diagnosis of tuberculosis have attracted considerable interest, 
particularly with the hope of shortening the time required to 
detect and identify M. tuberculosis in respiratory specimens 
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TABLE 2. Evaluation of PCR for M. tuberculosis in different studies 



Study (reference) 


No. of specimens 


Prevalence (%)° 


Sensitivity (%) 


Specificity 


(%) 


PPV ( 


%)" 






(? 


R c 


C 


R 


C 


R 


Abe et al. (1) 
Beige et al. (9) 
Clarridge et al. (28) 
Forbes and Hicks (51) 
Kocagoz et al. (104) 
Miller et al. (126) 
Miyazaki et al. (129) 
Nolte et al. (137) 
Shawar et al. (175) 
Yuen et al. (218) 


135 
103 
>5,000 
734 
78 
750 
323 
313 
384 
519 


lb 

47 
4.4 
11 

49 
21 
13 
40 
18 
8 


81.3 

98 

83.6 

78.2 

97 

91 

74 

96 


84.2 

86.1 
85.2 
87 
92.3 

80 


94.2 

70 

98.7 

92 
100 
95 
85 


100 

100 
97.7 
96 

100 

97 
100 


81.3 

75 

94.2 

82 
100 
77 


84 

98.4 
83.3 
97 

100 

100 

86 



" Prevalence of positive specimens based on culture results. 
* PPV, positive predictive value. 

'' C, crude results: R, revised results after discrepancy analysis. 



such as sputum or BAL samples. It is in this field of clinical 
microbiology that most amplification procedures, developed 
both in-house and in commercialized formats, have been eval- 
uated. 

(i) Technical aspects. Many different DNA amplification 
targets have been proposed, such as genes encoding the 32- 
kDH179), the 38-kDa (129, 219), and the 65-kDa (145, 152) 
aniens and the dnaJ (183, 184), groEl, and mtb-4 genes (104, 
220^tSome of these are genus or group specific, with species 
identification requiring subsequent restriction enzyme treat- 
mefajor hybridization. The target most frequently amplified is 
thefj|S96 , 6 or IS6110 repetitive element (43, 77), which is 
pre^nt at 10 to 16 copies in most M. tuberculosis complex 
isoFafes, thereby increasing the sensitivity of the amplification 
reaeHon. In comparative studies, tests with the IS6110 primers 
weigjgenerally more sensitive and more specific than those 
with 1S986 (37, 76, 208). Recently, however, M. tuberculosis 
isolates without this insertion element have been discovered in 
SoiftHeast Asia (33, 202, 219). 

Nsmerous techniques for sample preparation have been 
proggsed, including boiling; freezing-boiling: shaking with 
glass, beads (100); sonication (17); chloroform (213), protein- 
ase ;g or "chelex" (36) treatments and combinations of these 
treatments; resin treatment (4); and more complex nucleic acid 
extraction methods (14). The commercial kits furnish their 
own sample treatment reagent. 

Some PCRs are performed with dUTP instead of dTTP, 
allowing decontamination with uracil-jV'-glycosylase (217)' 
Both single and nested PCR formats (129, 152, 176, 213) have 
been applied, sometimes with the explicit purpose of overcom- 
ing PCR inhibitors. 

Internal controls have been used (6. 38, 44, 105, 137, 139). 
However, they were only occasionally added to the specimens 
before the DNA extraction procedure, as was done by Kolk et 
al. (105). By being present during the entire procedure, an 
internal control not only detects inhibitors but also monitors 
the efficacy of the sample preparation method. Inhibitors have 
been detected in 3.7 to 16% of clinical samples (28, 51, 139) 
Curiously. Nolle et al. (137) detected inhibitors in 17% 'of the 
samples with (3-gIobin primers but only in 10% with a specific 
internal control. 

(ii) Results on sputum specimens with in-house PCR tests. 
Table 2 presents the results of nine studies in which IS6/ 10 was 
used as the amplification target. Some of these studies were 
done on a series of specimens with a high prevalence of posi- 
tive samples. It should be remembered that for a constant rate 
of false-positive tests, the positive predictive value of a test 



decreases drastically when the prevalence of infection is low, as 
is the case in industrialized countries. In a population with a 
prevalence of <5% (in most Western European countries 
[139], the prevalence of positive samples is 3 to 4%), false- 
positive rates of 1 to 5% can lead to overdiagnosis of 50% or 
more of cases. 

In general, the authors of the studies present their results 
first as "crude results", i.e., as produced by the test and there- 
after as "revised results," i.e., after considering the discrepan- 
cies between the test results and the corresponding clinical 
information. Some authors include culture-negative, clinically 
diagnosed cases of tuberculosis among the "true-positives," 
sometimes even based on favorable response to anti-tubercu- 
losis treatment, and thereby increase the specificity and posi- 
tive predictive value of the test. None of them formulated a 
standard definition of a positive case except for Noordhoek et 
al. (139), who used the following definition of a true-positive 
specimen: (i) M. tuberculosis was cultured; or (ii) direct mi- 
croscopy and PCR were positive but culture was negative; or 
(iii) direct microscopy and culture were negative but PCR was 
positive and other material from the patient was positive on 
culture or had been positive in the past. 

None of the published studies observed a statistically signif- 
icant difference between culture and the amplification tech- 
nique (99). However, sensitivity and specificity are calculated 
as a function of the culture technique, since this is the refer- 
ence method used in the absence of a better definition of a 
positive case of tuberculosis. In the studies, specificities vary 
between 85 and 100% but sensitivities are usually lower, be- 
tween 74 and 97%. In one study on over 5,000 specimens '(28) 
with a 4.4% prevalence of positive results, sensitivity, specific- 
ity, and positive predictive values were 84, 99, and 94%, re- 
spectively. By applying two primer systems in a multiplex PCR, 
Beige et al. (9) attained a sensitivity of 98% but a specificity of 
only 70%. 

However, the main criticism of the use of PCR for the 
diagnosis of tuberculosis is a result of the separate analyses of 
the sensitivities of smear-positive and smear-negative, culture- 
positive specimens in different studies (Table 3). The test sen- 
sitivity in smear-positive cases is 88 to 100% but drops to 
between 50 and 92% in smear-negative cases. 

One of the reasons for the lack of sensitivity may be the 
sample preparation method. Except for one study (139), all the 
procedures were applied to homogenized and decontaminated 
specimens as used for culture. Although this may seem appro- 
priate when amplification techniques arc compared with cul- 
ture, it is not logical and may not even be optimal. In all studies 
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TABLE 3. Results of PCR for M. tuberculosis for smear-positive 
and smear-negative specimens 





PCR sensitivity (%) in different studies 


Vti lHir f rpfprpnppl 

otuuy ^iciciciii-cj 


Overall 


Smear and 


Smear negative, 




culture positive 


culture positive 


Abe et al. (1) 


84 


96 


50 


Clarridge et al. (28) 


86 


94 


62 


Forbes and Hicks (51) 


85 


88 


71 


Miller et al. (126) 


92 


98 


78 


Nolte et al. (137) 


91 


95 


57 


Shawar et al. (175) 


74 


90 


53 


Yuen et al. (218) 


96 


100 


92 



of diagnostic amplification techniques for microorganisms 
other than M. tuberculosis, samples are divided before being 
allocated to the reference and amplification techniques and are 
thereafter prepared separately as required for each. If this 
were done for tuberculosis, half of the original specimen would 
be lysed and the nucleic acid target would be solubilized, con- 
centrated, and introduced into the amplification reaction, thus 
possibly maximizing the sensitivity. In the case of paucibacil- 
lary specimens, there is a delicate balance between amplifica- 
tionj>rocedures and culture. Compared with the amplification 
pr4i£jbdures, a significantly greater volume of specimen is in- 
trqgjiced into the culture media, thus favoring the latter. How- 
evff| the decontamination procedures kill 70 to 90% of the 
viajb% bacilli in the inoculum (107, 217), favoring the alterna- 
tiv^4pproach. This aspect of sample preparation has been 
stdcGed by Goessens et al. for the detection of C. trachomatis in 
gefftel specimens (63) and merits investigation for tuberculo- 
sis^. 

§nly Noordhoek et al. (139) divided the specimens into two 
pokibns, one for conventional detection methods and one for 
PGR, directed at the IS6110 element. Unfortunately, their 
an^sis was done with a mixture of respiratory and nonrespi- 
ratp^ specimens, including pleural fluid, urine, and biopsy 
specimens. The sensitivity and specificity were 92.1 and 99.8%, 
respectively. PCR was negative for nine smear- and culture- 
posMive samples. The corresponding isolates were tested and 
did.s^ontain the IS6110 fragment. The authors ascribe these 
faillies to an unequal distribution of a small number of my- 
cobacteria present in the samples, since in each of these cases, 
only one or two of the three Loewenstein-Jensen culture tubes 
that were inoculated in parallel were positive. In this study, 
amplification of DNA extracted from half of the sputum spec- 
imen was not superior to culture of the other half. 



In this connection, the sequence capture procedure recently 
described by Magiapan et al. (118) for pleural fluid specimens 
could be a significant advance. In this procedure, biotinylated 
oligonucleotides hybridize with mycobacterial DNA in the 
specimen and are subsequently bound to avidin-coated beads, 
which are introduced into the PCR mixture. Of 17 samples 13, 
including 3 of 3 culture-positive samples and 10 of 14 culture- 
negative samples, gave positive PCR results. Results of the 
application of this procedure to sputum specimens are eagerly 
awaited. The use of more appropriate primers could also en- 
hance the sensitivity of the reaction, since even for a particular 
DNA sequence, different primers may result in different test 
sensitivities (74, 220). 

Efforts to increase the sensitivity by performing a PCR on 25 
u.1 instead of 5 u.1 of specimen were hampered by an unaccept- 
able increase in the level of inhibitors (6). In contrast, by 
increasing the sample volume in the commercially available 
TMA (GenProbe MTDT) from 50 to 500 u.1, one group (13) 
increased the sensitivity from 71.4% (obtained in a previous 
study [12]) to 83.3% without a loss of specificity (13). 

The effectiveness of PCR for tuberculosis is related to the 
experience and accuracy of the personnel conducting the assay. 
This was illustrated by an external quality control study of 
seven laboratories which were tested with sputum samples 
spiked or not spiked with M. tuberculosis BCG (138). Each 
laboratory used its own protocol for specimen treatment and 
amplicon detection, but in each case the amplification target 
was 1S6110. In general, false-positive rates varied between 0 
and 20%, but the rate in one laboratory reached 77%; sensi- 
tivities varied between 2 and 90%. A second external quality 
control study of 30 laboratories, organized more recently by 
the same authors (140), showed no improvement: 56% of par- 
ticipants produced false-positive results in 5 to >50% of the 
samples. 

(iii) Results on sputum specimens with commercially avail- 
able amplification tests. The commercially available PCR 
(Amplicor; Roche) and TMA (Mycobacterium Tuberculosis 
Direct Test [MTDT]; GenProbe) test give results comparable 
to those obtained with in-house PCR tests (Tables 4 and 5). 
Sensitivities vary between 70 and 100%. The results of the 
MTDT for smear-positive and smear-negative specimens, re- 
spectively (Table 6), are comparable to those obtained by 
PCR. 

Schirm et al. (168) compared an in-house PCR and the 
commercial PCR (Amplicor) on 504 specimens. The sensitivity 
of the in-house test, 92.6%, was superior to that of the Am- 
plicor system, 70.4%, although the specificity was identical for 
both. More samples were inhibitory in the commercial test 





TABLE 4. Evaluation of the commerc 


ally available PCR (Amplicor) for M. tuberculosis 




Study (reference) 


No. of 
specimens 


Prevalence 
(%)" 


Sensitivity (%) 


Specificity (%) 


PPV (%) h 


C 


R' 


C 


R 


C R 


Carpentier et al. (20) 


2,073 


9 


86 




98 




94.5 


D'Amato et al. (31) 


985 






66.7 




99.7 


91.7 


Gleason et al. (61) 


532 




95 




96 




Ichiyama et al. (85) 


422 


29 


97.8 




96 


98.7 




Moore and Curry (130) 


1,009 


16 


83 


87 


97 


100 




Schirm et al. (168) 


504 


6 


70.4 




98 






Vuorinen cl al. (205) 


256 




84.6 


82.8 


99.1 


100 


100 


Wobcser et al. (214) 


1,480 


9.5 




79 




99 


93 



" Prevalence of positive specimens based on culture results. 

PPV, positive predictive value. 
' C, crude results; R. revised results alter discrepancy analysis. 
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Study (reference) 



No. of 
specimens 



Prevalence 



Abe et al. (1) 135 

Bodmer et al. (12) 617 

Ichiyama et al. (85) 422 

Jonas et al. (92) 758 

Miller et al. (126) 750 

Pfyffer et al. (154) 938 

Portaels et al. (156) 497 rf 

418' 

Vlaspolder et al. (203) 412 

Vuorinen et al. (205) 256 



28 
3 
29 
16 
19 
8 
4 
71 
14 
13 



° Prevalence of positive specimens based on culture results. 

PPV, positive predictive value. 
' C, crude results; R, revised results after discrepancy analysis. 

Belgian population. 
' African population. 



Sensitivity (%) 



Specificity (%) 



90.6 
71.4 
100 
79.8 
83.9 
92.9 
86 
97 
96.7 
84.6 



91.9 



82.4 

91 

93.9 



98.4 
86.2 



95.1 

99 

90.1 

96.7 

95.3 

96.2 

96 

69 

97.7 

98.7 



100 

99.3 
99.4 
98.5 
97.6 



98.9 
100 



PPV (%)" 



85.3 
71.4 

82 
82 
68.4 
50 
89 
88.1 
100 



100 



93.8 
97 
94 
80.7 

93.8 



than in the in-house version. Both Ichiyama et al. (85) and 
Vuorinen et al. (205) compared the MTDT with the Amplicor 
PCR on the same specimens. In the Ichiyama study, the sen- 
sitivity and specificity of the MTDT were somewhat better than 
thoseobtained with Amplicor, but in the Vuorinen study, the 
restite with the two test kits were similar (Tables 4 and 5). 

TM QfJRA has been applied on a limited scale only (5, 174). 
Thef|Est is performed on a large volume of sputum, but the 
purification of the hybridized probe from the reaction mix is 
labojSntensive. PCR inhibitors do not interfere with the 
QPSA, but the procedure is very prone to amplicon contam- 
matijai. In a study by Shah et al. on 261 sputum samples (174), 
the fgsults were not superior to those of other amplification 
reacgbns: the sensitivity and specificity were 97.1 and 96.5%, 
respectively, and after revision were 97.3 and 97.8%, respec- 
tively. 

Application of LCR (88) and NASBA (209) to tuberculosis 
has ff ; yet been insufficiently evaluated. 

(•^Specimens other than sputum. PCR does not solve the 
probteb of the bacteriological diagnosis of tuberculosis in chil- 
drenyjvho do not produce sputum. Pierre et al. (153) per- 
formed a PCR on 58 gastric aspirates, for which the classical 
procedures are known to have a low sensitivity. When DNA 
amplication was applied to two gastric aspirates from the 
same patient and amplified in duplicate, 25% of the specimens 
produced at least one positive result; when three different 



TABLE 6. Results of MTDT for the detection of M. tuberculosis in 
smear positive and smear negative specimens 



Study (reference) 



MTDT sensitivity (%) in different studies 



Abe et al. (1) 
Bodmer et al. (12) 
Jonas et al. (92) 
Miller et al. (126) 
Pfyffer et al. (154) 
Portaels et al. (156) 



Overall 


Smear and 
culture positive 


Smear negative, 
culture positive 


92 


100 


70 


71 


100 


14" 


82 


100 


54" 


91 


94 


63 


95 


100 


SO* 


86' 


89 


85 




97 


100 



" W>% ol these were positive i.nlv in liquid medium 
'■ SHXICFU/ml in culture. 
' Belgian population. 
'' African population. 



specimens from the same subject were examined twice, the 
positivity increased to 60% (in 9 of 15 children). 

The diagnosis of tuberculosis by detection of M. tuberculosis 
in peripheral blood mononuclear cells, even by a molecular 
amplification technique, is still impractical (164), although 
there has been one promising study (171). The technique is 
more sensitive, although not optimal, in human immunodefi- 
ciency virus-infected patients, particularly in the presence of 
disseminated disease (50). 

Since the lack of sensitivity is the main shortcoming of the 
amplification techniques and the specificity is more satisfac- 
tory, the tests can be useful for organism identification. When 
culture in a liquid medium is combined with automated growth 
detection and an amplification method, the time for the diag- 
nosis of M. tuberculosis can be shortened to a mean of 14 days 
(52). PCR and MTDT assays on clinical specimens may also be 
useful when there is a need for rapid differentiation between 
M. tuberculosis and nontuberculous mycobacterial infections, 
such as in AIDS patients in industrialized countries (172). 

(v) Critique of published studies. The published studies 
illustrate some shortcomings in design as well as in analysis. 
There should be no mixtures of respiratory and other speci- 
mens, and specimens from patients being treated should not be 
included. Mycobacterial DNA can be detected for a long time 
after the start of treatment and in the absence of positive 
cultures in human (75) and experimental (39) models of tu- 
berculosis. Specimens should be divided, and each portion 
should be prepared independently for culture and amplifica- 
tion. Some patients may produce sputum with unequally dis- 
tributed bacilli and/or may not excrete them continuously, and 
the decontamination procedures may kill variable proportions 
of the organisms; therefore, three specimens per patient, col- 
lected at different times or days, should be examined by each 
method. A definition of positivity, based on microbiological 
rather than clinical evidence, should be established. Culture- 
negative, amplification-positive specimens should be retested 
by an amplification reaction targeted at an alternative nucleic 
acid fragment to reveal false-positive results, as done by Her- 
rera and Segovia (78). The sensitivity of the amplification 
method should be calculated for both the number of positive 
specimens and the number of positive patients. 

(vi) Conclusions concerning amplification techniques for 
diagnostic purposes. At present, the conclusions published by 
the Centers for Disease Control and Prevention in 1993 (23) 
are still valid: a particular technique cannot be replaced by a 
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different one if the latter is not at least equivalent to the former 
and at most has the same cost. At present, amplification meth- 
ods for M. tuberculosis cannot replace the conventional diag- 
nostic techniques, especially since strains should still be cul- 
tured for susceptibility testing. The decision of the U.S. Food 
and Drug Administration is equally justified: use of the rapid 
MTDT should be restricted to smear-positive samples from 
untreated patients with tuberculosis and used only in conjunc- 
tion with traditional sputum examination. It should not be used 
for smear-negative sputum samples or for other specimens 
such as pleural or cerebrospinal fluid (53). 

(vii) Amplification techniques for M. tuberculosis drug sus- 
ceptibility tests. Because the molecular basis of rifampin re- 
sistance is known (97, 189, 190, 212), up to 97% of the ri- 
fampin-resistant strains can now also be identified by PCR (35, 
48, 83, 211). There is one important limitation to this test: it 
does not measure the proportion of rifampin-resistant mutants 
among the isolated strain. Only when the proportion is higher 
than 1% is the corresponding disease resistant to rifampin 
therapy. Only further studies will determine how frequently 
isolates with a low proportion of rifampin-resistant mutants are 
detected by this technique. Since rifampin resistance develops 
mostly in isolates that are already isoniazid resistant, the rec- 
ognition of rifampin resistance lends a high suspicion of mul- 
tidrug resistance. 

_Cultures remain necessary to identify rifampin-resistant 
sixains not detected by the PCR, to test for susceptibility to 
Other drugs, and to allow other investigations such as restric- 
tive fragment length polymorphism for epidemiologic pur- 
p!dses. 

y=? Fungi 

3fungal respiratory infections may be due to dimorphic fungi 
st?|h as Histoplasma spp., Blastomyces spp., or Coccidioides 
immitis, and they occur sporadically in defined geographic ar- 
egs. We are not aware of any effort to diagnose these infections 
by=molecular diagnostic techniques. 

second group of fungal respiratory infections are caused 
b^jubiquitous saprophytic fungi, occur 10 times more fre- 
quently in immunocompromised individuals (204) than in non- 
injtfiunocompromised persons, and are common among pa- 
tients in intensive care units. Candida albicans and Aspergillus 
sp|£ are the most frequent etiologic agents (204), and mixed 
infections with bacteria and cytomegalovirus occur in a signif- 
icant proportion of cases. To shorten the time required for 
diagnosis, amplification reactions have been developed. Am- 
plification targets have been genes coding for specific proteins 
(30, 95, 161, 186), 18S rDNA (15, 81, 82, 121, 124, 144), the 26S 
intergenic spacer region (180), or mitochondrial DNA (127). 
The last two represent repeated sequences, and thus their use 
increases the test sensitivity. In their work, Bretagne et al. (15) 
constructed an internal control. In some studies, primers were 
directed at a limited number (161) or a wide range of species; 
in the latter case, this was followed by treatment with restric- 
tion enzymes to obtain group identifications (82, 121, 173). 

Molecular diagnostic techniques have been applied on BAL 
specimens and protected brush specimens to shorten the time 
for diagnosis, and on blood (26, 81, 128, 155) and/or urine 
(161) specimens in an effort to obtain a diagnosis through less 
invasive procedures. Only a few preliminary tests on detecting 
Aspergillus spp. in urine specimens have been performed (161 ). 
C. albicans was detected in seeded blood specimens (18. 81. 
128), in blood samples from experimentally infected animals 
(95, 200). and in human blood in one study (95). The sensitivity 
of the PCR for C. albicans was disappointing: 79% (95), 73% 



(26), and 46% (158). Two possible reasons for this lack of 
sensitivity have been mentioned: the difficulty in releasing 
DNA from C. albicans cells, a critical need when they are 
present in small numbers (162); and the small volume of the 
specimen used in the amplification reaction (158). PCR has 
been used more frequently for classification and identification 
of Candida spp. than for their detection (93). 

Spreadbury et al. (180) obtained a low sensitivity (80%) and 
specificity (72%) for the detection of Aspergillus fumigatus in 
clinical specimens, while Bretagne et al. (15), investigating a 
series of 55 specimens, obtained 25% false-positive results, i.e., 
detection of amplicons specific for Aspergillus spp. in immuno- 
compromised patients who did not develop aspergillosis during 
follow-up. The authors point out numerous possibilities for 
contamination by environmental fungi during the preparation 
and storage of the reagents and the collection, transport, and 
manipulation of the specimens. Furthermore, the unsolved 
problem in the investigation of respiratory specimens for yeasts 
and molds is to distinguish between colonization and infection 
(15, 124, 134, 186). This differentiation might be possible in the 
future if genes related to virulence or' invasiveness could be 
identified. At present, molecular diagnostic techniques do not 
improve the diagnosis of fungal infection by classical proce- 
dures. 

Pneumocystis carinii 

Several studies have confirmed the greater sensitivity of 
PCR over immunofluorescence for the detection of Pneumo- 
cystis carinii (22, 42, 46, 101, 111, 142, 185). Although the 
specificity of the assays is usually high, in one study P. carinii 
was detected in the absence of clinical symptoms (46). This 
could mean that colonization by P. carinii may occur, if con- 
tamination of samples in this study can be excluded. The con- 
clusion of Tamburini et al. (185) that P. carinii should be 
sought in BAL specimens by the classical immunofluorescence 
microscopic technique and that amplification methods should 
be used only in exceptional cases, when the classical method 
remains negative, seems reasonable. In the presence of a high 
clinical suspicion of disease, PCR may have some utility, since 
claims have been made concerning the detection of P. carinii in 
sputum and two-thirds of blood specimens from patients with 
a generalized infection (113). 

CONCLUSION 

The statement that molecular diagnostic techniques, partic- 
ularly PCR, are able to detect and amplify specifically a single 
molecule in solution in an olympic-sized swimming pool is nice 
but also illustrates one of the main difficulties of the procedure: 
how to introduce the contents of the swimming pool, or the 
one molecule it contains, into a 2-ml amplification vial. 

The main problems facing molecular diagnostic techniques 
are the false-positive and false-negative results. The former 
may be avoided by the use of the correct controls in optimal 
working circumstances, i.e.. good laboratory practice (177). 
Furthermore, any new or unusual findings should be confirmed 
by an independent amplification reaction. Laboratories engag- 
ing in molecular diagnostic techniques should first attain a 
proficiency level that excludes contamination. 

Only when this technical level is reached is il possible to 
tackle the next problem — the test sensitivity. Much work re- 
mains to be done on this aspect. The sensitivity of use of 
oropharyngeal swabs and nasopharyngeal aspirates for the re- 
covery of pathogens should he compared. 

The unknown nature of most inhibitors in clinical specimens 
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certainly does not facilitate the development of techniques to 
eliminate them. Efforts to increase the sensitivity of a test by 
increasing the sample volume in the reaction mixture may 
increase the interference by inhibitors in some tests but appar- 
ently not in others. The extent to which procedures intended to 
concentrate the amplification target also concentrate inhibitors 
is unknown, as is trie amount of target nucleic acid that is lost 
during procedures intended to eliminate inhibitors. The latter 
quantity could be determined by the addition of specific posi- 
tive internal controls. New applications of amplification reac- 
tions should not be introduced without inclusion of specific 
positive internal controls. An optimal sample preparation 
method should be simple and rapid, and its ability to concen- 
trate the target and eliminate inhibitors should not be nullified 
by its being too elaborate and time-consuming. 

Compared with classical methods, nucleic acid amplification 
techniques are definitely more sensitive for the detection of 
some respiratory disease agents, particularly rhinoviruses, 
coronaviruses, B. pertussis, M. pneumoniae, and C. pneumoniae. 
These techniques are indispensable, not only for epidemiolog- 
ical studies but, for the last two organisms, also for clinical 
diagnostic purposes. However, in view of the results obtained 
in studies of other organisms, in which the sensitivity of the 
molecular diagnostic techniques is suboptimal, it can be sur- 
mised that the results for these agents are impressive only 
because the classical methods are particularly insensitive. 

TK| great enthusiasm aroused by molecular diagnostic tech- 
niqi*fs in the field of tuberculosis detection should be tem- 
perlfEby the knowledge that the expectations concerning their 
high^nsitivity and specificity have not yet been fulfilled. These 
proMems must be addressed before amplification techniques 
canfffeplace the classical diagnostic techniques. The lack of 
sensHjvity of PCR for M. tuberculosis could result from the use 
of vig' small sample volumes in the reactions and an irregular 
dispWsion of the organisms in paucibacillary samples. These 
shofiiomings suggest the need for improved sample prepara- 
tion, techniques or the performance of more than one test on 
each=sample. 

Tig introduction of amplification techniques into the clinical 
diagnostic laboratory is also affected by the staff and space 
available and, if the decision is made to introduce them, 
whe&her they will be added to or replace existing procedures. 

Iaionclusion, laboratories can apply molecular diagnostic 
techniques only if they comply with stringent external quality 
contfel requirements. As far as respiratory disease agents are 
concerned, amplification procedures should be limited to those 
listed above for which traditional culture methods are very 
insensitive and, depending on the geographical location, Cox- 
iella burnetii and Chlamydia psittaci. For M. tuberculosis, they 
may be useful in some cases when an urgent identification is 
required if used in conjunction with culture in liquid medium 
and automated growth monitoring and for the rapid detection 
of most rifampin-resistant, and hence multiresistant, M. tuber- 
culosis isolates. 

We think that molecular diagnostic techniques are currently 
at a stage analogous to that of the clinical bacteriological 
techniques in the 1960s, before they were improved by many 
studies and gradually became standardized over the next two 
decades. 

REFERENCES 

1. Abe, C, K. Hirunn. M. Wudu, Y. kazumi. M. Takahashi. Y. Fukasawa. T. 
Yoshimura. C. Miyugi. and S. Colo. 1993. Detection of Mycobacterium 
tuberculosis in clinical specimens by polymerase chain reaction and Gcn- 
I'rohc amplilied Mycobacterium tuberculosis direct lest. J. Clin. Microbiol. 
31:3:7(1-3274. 

2. Alexander, E. R.. and 11. R. Harrison. I9.S3. Role of Chlumyiliu trachomatis 



in perinatal infections. Rev. Infect. Dis. 5:713-719. 

3. Al-Nakib. W., P. G. Higgins, G. 1. Barrow, D. A. J. Tyrell. K. Andries. G. 
Vanden Bussche. N. Taylor, and P. A. J. Janssen. 1989. The suppression of 
colds in human volunteers challenged with rhinovirus by a new synthetic 
drug (R61S37). Antimicrob. Agents Chemother. 33:522-525. 

4. Amicosante, M.. L. Richeldi. G. Trcnti. G. Paunc. M. Campa, A. Bisetti, 
and C. Sallini. 1995. Inactivation of polymerase inhibitors for Mycobacte- 
rium tuberculosis DNA amplification in sputum by using capture resin. 
J. Clin. Microbiol. 33:629-630. 

5. An, Q., D. Buxton, A. Hendrickx, L. Robinson, J. Shah. L. Lu, M. Vera- 
Garcia, W. King, and D. M. Olive. 1995. Comparison of amplified Op 
replicasc and PCR assays for detection of Mycobacterium tuberculosis. 
J. Clin. Microbiol. 33:860-867. 

6. Andersen, A. B.. S. Thybo, P. Godfrey-Faussett, and N. G. Sloker. 1993. 
Polymerase chain reaction for detection of Mycobacterium tuberculosis in 
sputum. Eur. J. Clin. Microbiol. Infect. Dis. 12:922-927. 

7. Arruda, E., and F. G. Hayden. 1993. Detection of human rhinovirus RNA 
in nasal wasl-.ings by PCR. Mol. Cell. Probes 7:373-379. 

8. Backman, A., B. Johansson, and P. Olcen. 1994. Nested PCR optimized for 
detection of Bordetella pertussis in clinical nasopharyngeal samples. J. Clin. 
Microbiol. 32:2544-2548. 

9. Beige, J., J. Lokies, T. Schaberg, U. Finckh, M. Fischer, H. Mauch, H. Lode, 
B. Kohler, and A. Rolfs. 1995. Clinical evaluation of a Mycobacterium 
tuberculosis PCR assay. J. Clin. Microbiol. 33:90-95. 

10. Black, C. M., J. A. Tharpe, and H. Russell. 1992. Distinguishing Chlamydia 
species by restriction analysis of the major outer membrane protein gene. 
Mol. Cell. Probes 6:395-400. 

11. Black, C. M., P. I. Fields, T. O. Messmer, and B. P. Berdal. 1994. Detection 
of Chlamydia pneumoniae in clinical specimens by polymerase chain reac- 
tion using nested primers. Eur. J. Clin. Microbiol. Infect. Dis. 13:752-756. 

12. Bodmer, T., A. Gurtner, K. Schopfer, and L. Matter. 1994. Screening of 
respiratory tract specimens for the presence of Mycobacterium tuberculosis 
by using the Gen-Probe amplified Mycobacterium tuberculosis direct test, 
j' Clin. Microbiol. 32:1483-1487. 

13. Bodmer, T., E. Mockl, K. Muhlemann, and L. Matter. 1996. Improved 
performance of GenProbe amplified Mycobacterium tuberculosis direct test 
when 500 instead of 50 microliters of decontaminated sediment is used. 
J. Clin. Microbiol. 34:222-223. 

14. Boom, R.. C. J. A. Sol, M. M. M. Salimans, C. L. Jansen, P. M. E. 
Wertheim-van Dillen, and J. van der Noordaa. 1990. Rapid and simple 
methods for purification of nucleic acids. J. Clin. Microbiol. 28:495-503. 

15. Bretagne, S., J.-M. Costa, A. Marmorat-Khuong, F. Poron, C. Cordonnier, 
M. Vidaud, and J. Fieury-Feith. 1995. Detection of Aspergillus species DNA 
in bronchoalveolar lavage samples by competitive PCR. J. Clin. Microbiol. 
33:1164-1168. 

16. Bruce, C. B., W. Al-Nakib, J. W. Almond, and D. A. J. Tyrrell. 1989. Use of 
nucleotide probes to detect rhinovirus RNA. Arch. Virol. 105:179-187. 

17. Buck, G. E., L. O'Hara, and J. T. Summersgill. 1992. Rapid, simple method 
for treating clinical specimens containing Mycobacterium tuberculosis to 
remove DNA for polymerase chain reaction. J. Clin. Microbiol. 30:1331- 
1334. 

18. Burgener-Kairuz, P., J. P. Zuber, P. Jaunin, T. G. Buchman, J. Bille, and 
M. Rossier. 1994. Rapid detection and identification of Candida albicans 
and Torulopsis (Candida) glabrata in clinical specimens by species specific 
nested PCR amplification of a cytochrome P-450 lanosterol-alpha-demelh- 
ylase (L1A1) gene fragment. J. Clin. Microbiol. 32:1902-1907. 

19. Campbell, L. A., M. Perez-Melgosa. D. J. Hamilton. C. C. Kuo, and J. T. 
Grayston. 1992. Detection of Chlamydia pneumoniae by polymerase chain 
reaction. J. Clin. Microbiol. 30:434^139. 

20. Carpentier, E., B. Drouillard, M. Dailloux, D. Moinard, E. Vallee, B. 
Dutilh, J. Mangein, E. Bergogne-Berezin, and B. Carbonelle. 1995. Diag- 
nosis of tuberculosis by Amplicor Mycobacterium tuberculosis test: a multi- 
center study. J. Clin. Microbiol. 33:3106-31 10. 

21. Cartwright, C. P. 1994. Techniques and diagnostic applications of in vivo 
nucleic acid amplification. Clin. Microbiol. Ncwsl. 16:33-40 

22. Cartwright, C. P.. N. A. Nelson, and V. J. Gill. 1994. Development and 
evaluation of a rapid and simple procedure for the detection of Pneumo- 
cystis carinii by PCR. J. Clin. Microbiol. 32: 1634-1 (,38. 

23. Centers for Disease Control and Prevention. 1993. Diagnosis of tubercu- 
losis by nucleic acid amplification methods applied to clinical specimens. 
Morbid. Mortal. Weekly Rep. 42:686. 

24. Centers for Disease Control and Prevention. 1995. Pertussis United States. 
January 1992-June 1995. Morhid. Mortal. Weekly Rep. 44:525-529. 

25. Chamberlain. J. S., R. A. Gihhs. J. E. Rainier, and C. T. Caskiy. 1990. 
Multiplex PCR for the diagnosis of Duchenne muscular dystrophy, p. 272- 
28 1 . In M. A. Innis. D. II. Gclland. J. J. Sninsky. and T. J. While (ed.). PCR 
protocols: a guide to methods and applications. Academic Press. Inc.. San 
Diego. Calif 

26. Chryssanthou. E., IS. Andersson. 11. 1'etrini. S. l-ofdahl. and .1. Tolleinar. 

1994. Detection of Candida albicans DNA in serum by polymerase chain 
reaction. Stand. J. Infect. Dis. 26:479-485. 

27. Claas. E. C. A. J. Van Milaan. M. .1. Sprenger. M. Ruiten-Sluiver. G. I. 



252 IEVEN AND GOOSSENS 



Clin. Microbiol. Rev. 



Arron, P. H. Rolhbarth, and N. Masurel. 1993. Prospective application of 
reverse transcriptase polymerase chain reaction for diagnosing influenza 
infections in rcspiratorv samples from a children's hospital. J. Clin. Micro- 
biol. 31:2218-2221. 

28. Clarridge, J. E„ III, R. M. Shawar. T. M. Shinnick, and B. B. Plikaytis. 

1993. Large-scale use of polymerase chain reaction for detection of Myco- 
bacterium tuberculosis in a routine mvcobacleriologv laboratory. J. Clin. 
Microbiol. 31:2049-2056. 

29. Compton, J. 1991. Nucleic acid sequence-based amplification. Nature (Lon- 
don) 350:91-92. 

30. Crampin, A. C, and R. C. Matthews. 1993. Application of the polymerase 
chain reaction to the diagnosis of candidosis by amplification of an HSP90 
gene fragment. J. Med. Microbiol. 39:233-238. 

31. D'Amato, R. F., A. A. Wallman, L. H. Hochstein, P. M. Calaninno, M. 
Scardamaglia, E. Ardila, M. Ghouri, K. Kyungmee, R. C. Patel, and A. 
Miller. 1995. Rapid diagnosis of pulmonary tuberculosis by using Roche 
Amplicor Mycobacterium tuberculosis PCR test. J. Med. Microbiol. 33: 
1832-1834. 

32. Daniel, T. M. 1990. The rapid diagnosis of tuberculosis: a selected review. 
J. Lab. Clin. Med. 116:277-282. 

33. Das, S., S. L. Chan. B. W. Allen, D. A. Mitchison, and D. B. Lowrie. 1993. 
Application of DNA fingerprinting with IS986 to sequential mycobacterial 
isolates obtained from pulmonary tuberculosis patients in Hong Kong be- 
fore, during and after short-course chemotherapy. Tubercle Lung Dis. 
74:47-51. 

34. De Barbeyrac, B., C. Bernet-Poggi, F. Febrer, H. Renaudin, M. Dupon, and 
C. Bebear. 1993. Detection of Mycoplasma pneumoniae and Mycoplasma 
genitalium in clinical samples bv polymerase chain reaction. Clin. Infect. 
Dis. 17:983-989. 

35. De Beenhouwer, H., Z. Lhiang, G. Jannes, W. Mijs, L. Machtelinckx. R. 
Rossau, H. Traore, and F. Portaels. 1995. Rapid detection of rifampicin 
resistance in sputum and biopsy specimens from tuberculosis patients by 

fTCR and line probe assay. Tubercle Lung Dis. 76:425-430. 

3Qle Lamballiere, X,, C. Zandotti. C. Vignoli, C. Bollet, and P. A. de Mico. 
iM992. A one step microbial DNA extraction method using "Chelex 199" 
f% suitable for gene amplification. Res. Microbiol. 143:785-790. 

37..T}e Lassence, A., D. Lecossier, C. Pierre, J. Cadranel, M. Stern, and A. J. 
lyiance. 1992. Detection of mycobacterial DNA in pleural fluid from pa- 
tients with tuberculous pleurisy by means of the polymerase chain reaction: 
"Comparison of two protocols. Thorax 47:265-269. 

387~pe Wit, D., M. Wootton, B. Allan, and L. Steyn. 1993. Simple method for 
=^production of internal control DNA for Mycobacterium tuberculosis poly- 
=£tfierase chain reaction assays. J. Clin. Microbiol. 31:2204-2207. 

39rpe Wit, D., M. Wootton/j. Dhillon, and D. A. Mitchison. 1995. The 
"bacterial DNA content of mouse organs in the Cornell model of dormant 
= tuberculosis. Tubercle Lung. Dis. 76:555-562. 

40Q)ouglas, E„ J. G. Coote, R. Parton, and W. McPheat. 1993. Identification 
.~3>f Bordetella pertussis in nasopharyngeal swabs by PCR amplification of a 
Urjegion of the adenylate cyclase gene. J. Med. Microbiol. 38:140-144. 

4b=Dumornay, W., P. M. Roblin, M. Gelling, M. R. Hammerschlag, and M. 
j=Worku. Comparison of chemoluminometric immunoassay with culture for 
=_jdiaenosis of chlamydial infections in infants. J. Clin. Microbiol. 30:1867- 
"3869. 

42yLfiisen, D., B. C. Ross, J. Fairbairn, R. J. Warren, R. W. Baird, and B. 
rDwyer. 1994. Comparison of Pneumocystis carinii detection by toiuidine 
"^Blue O staining, direct immunofluorescence and DNA amplification in 
sputum specimens from HIV positive patients. Pathology 26:198-200. 

43. Eisenach, K. D., M. D. Care, J. H. Bates, and J. T.' Crawford. 1990. 
Polymerase chain reaction amplification of a repetitive DNA sequence 
specific for Mycobacterium tuberculosis. J. Infect. Dis. 161:977-981. 

44. Eisenach. K. D., M. D. Si fiord. M. D. Cave, J. H. Bates, and J. T. Crawford. 
1991. Detection of Mycobacterium tuberculosis in sputum samples using a 
polymerase chain reaction. Am. Rev. Rcspir. Dis. 144:1160-1163. 

45. Ellner, P. D., T. E. Kiehn, R. Cammarata. and M. Hosmer. 1988. Rapid 
detection and identification of pathogenic mycobacteria by combining ra- 
diometric and nucleic acid probe methods. J. Clin. Microbiol. 26:1349— 
1352. 

46. ' Elvin, K. 1994. Laboratory diagnosis and occurrence of 1'iwumocvstis cari- 

ii/V. Scand. J. Infect. Dis. 94:S1-S34. 

47. Ewanovich, C. A., L. W. Chin, M. G. Paranchy. M. S. Peppier, R. G. 
Marusyk, and W. L. Albritton. 1993. Major outbreak of pertussis in north- 
ern Alhena. Canada: analysis of discrepant direct fluorescent-antibody and 
culture results by using polymerase chain reaction methodology. J. Clin. 
Microbiol. 31:1715-1725. 

48. Felmlee. T. A., Q. Liu. A. C. Whelen, I). Williams. S. S. Sommer, and I). 11. 
Persin. 1995. Gcnotypic detection ol Mycobacterium tuberculosis rifampin 
resistance: comparison of single-stranded conformation polymorphism and 
dideovv fingerprinting. J. Clin. Microbiol. 33:1017-1623. 

49. Fliermans. C. B.. W. B. Cherry. L. II. Orrisnn. S. .1. Smith. I). L. Tison, and 
I). II. Pope. 19NI. Ideological distribution of Legionella pneumophila. Appl. 
Environ. Microbiol. 4 1:9- In. 

5(1. Fnlgueira. I... K. IMj;adci. E. Palenque. J. M. A|>uudii. and A. R. Noriega. 



1996. Rapid diagnosis of Mycobacterium tuberculosis bacteremia bv 
PCR. J. Clin. Microbiol. 34:512-515. 

51. Forbes, B. A., and K. E. Hicks. 1993. Direct detection a! Mycobacterium 
tuberculosis in rcspiratorv' specimens in a clinical laboratory by polymerase 
chain reaction. J. Clin. Microbiol. 31:1688-1694. 

52. Forbes, B. A, and K. E. Hicks. 1994. Ability of PCR assay to identify 
Mycobacterium tuberculosis in Bactec 12B vials. J. Clin. Microbiol. 32:1725- 
1728. 

53. Frankel, D. H. 1996. FDA approves rapid test for smear positive tubercu- 
losis. Lancet 347:48. 

54. Gama, R. E., P. R. Horsnell, P. J. Hughes, C. North, C. B. Bruce, W. 
Al-Kakib, and G. Stanway. 1989. Amplification of rhinovirus specific nu- 
cleic acids from clinical samples using the polymerase chain reaction. 
J. Med. Virol. 28:73-77. 

55. Gaydos, C. A, T. C. Quinn, and J. J. Eiden. 1992. Identification of Chla- 
mydia pneumoniae by DNA amplification of the 16S rRNA gene. J. Clin. 
Microbiol. 30:796-800. 

56. Gaydos, C. A., C. L. Fowler, V. J. Gill, J. J. Eiden, and T. C. Quinn. 1993. 
Detection of Chlamydia pneumoniae by polymerase chain reaction-enzyme 
immunoassav in an immunocompromised population. Clin. Infect. Dis. 
17:718-723. 

57. Gaydos, C. A., J. J. Eiden, D. Oldach, L. M. Munidy, P. Auwaerter, M. L. 
Warner, E. Vance, A. A. Burton, and T. C. Quinn. 1994. Diagnosis of 
Mycoplasma pneumoniae infection in patients with community-acquired 
pneumonia by polymerase chain reaction enzyme immunoassay. Clin. In- 
fect. Dis. 19:157-160. 

58. Gaydos, C. A., P. M. Roblin, M. R. Hammerschlag, C. L. Hyman, J. J. 
Eiden, J. Schachter, and T. C. Quinn. 1994. Diagnostic utility of PCR, 
enzyme immunoassay, culture, and serology for detection of Chlamydia 
pneumoniae in symptomatic and asymptomatic patients. J. Clin. Microbiol. 
32:903-905. 

59. Gilbert, L. A., L. Dakhama, B. M. Bone, E. A Thoma, and R. G. Hegele. 

1996. Diagnosis of viral respirator)' tract infections in children using a 
reverse transcription-PCR panel. J. Clin. Microbiol. 34:140-143. 

60. Gingeras, T. R., P. Prodanovich, T. Latimer, J. C. Guatelli, and D. D. 
Richman. 1991. Use of self-sustained sequence replication amplification 
reaction to analyze and detect mutations in zidovudine-resistant human 
immunodeficiency virus. J. Infect. Dis. 164:1066-1074. 

61. Gleason, K. G., M. B. Lichty, D. L. Jungkind, and O. Giger. 1995. Evalu- 
ation of Amplicor PCR for direct detection of Mycobacterium tuberculosis 
from sputum specimens. J. Clin. Microbiol. 33:2582-2586. 

62. Gnarpe, J., and K. Eriksson. 1995. Sample preparation for Chlamydia 
pneumoniae PCR. APMIS 103:307-308. 

63. Goessens, W. H. F., J. A. J. W. Kluytmans, N. den Toom, T. H. van 
Rysoort-Vos, B. G. M. Nieslers, E. Stolz, H. A. Verbrugh, and W. G. V. 
Quint. 1995. Influence of volume of sample processed on detection of 
Chlamydia trachomatis in urogenital samples bv PCR. J. Clin. Microbiol. 
33:251-253. 

64. Gomeli, H., S. Tyagi, C. G. Pritchard, P. M. Lizardi, and F. R. Kramer. 

1989. Quantitative assays based on the use of replicatable hybridization 
probes. Clin. Chem. 35:1826-1831. 

65. Grayston, J. T., S. P. Wang, C. C. Kuo, and L. A. Campbell. 1989. Current 
knowledge on Chlamydia pneumoniae, strain TWAR. an important cause of 
pneumonia and other acute respiratory diseases. Eur. J. Clin. Microbiol. 
Infect. Dis. 8:191-202. 

66. Grayston, J. T., M. B. Aldous, A. Easton, S. P. Wang, C. C. Kuo, L. A. 
Campbell, and J. Altman. 1993. Evidence that Chlamydia pneumoniae 
causes pneumonia and bronchitis. J. Infect. Dis. 168:1231-1235. 

67. Greenfield, L., and J. T. White. 1993. Sample preparation methods, p. 
122-137. In D. H. Persing. T. F. Smith. F. C. Tenover. and T. J. White (ed.). 
Diagnostic molecular microbiology. Principles and applications. American 
Society for Microbiology. Washington. DC. 

68. Grimpel, E., P. Begue, I. Anjak, F. Betson, and H. Guiso. 1993. Comparison 
of polymerase chain reaction, culture, and Western immunoblot serology 
for diagnosis of Bordetella pertussis infection. J. Clin. Microbiol. 31:2745- 
2750. 

69. Halonen, P., A. Rocha. J. Hierholzer, B. Holloway. T. Hyypiii, P. Hurs- 
kainen, and M. Pallansch. 1995. Detection of enteroviruses and rhinovi- 
ruses in clinical specimens by PCR and liquid-phase hybridization. J. Clin. 
Microbiol. 33:648-653. 

70. Halpern. S. A., R. Bortolussi, and A. J. Wort. 1989. Evaluation of culture, 
immunofluorescence, and serology for the diagnosis of pertussis. J. Clin. 
Microbiol. 27:752-757. 

71. Hata. D.. F. Kuzc. V. Mochizuki. H. Ohkubo, S. Kanazachi, S. Maeda. N. 
Miwa. and M. Haruki. 199(1. Evaluation of DNA probe tesf for rapid 
diagnosis of Mycoplasma pneumoniae infections. J. Pedialr. 116:273-276. 

72. He, Q„ J. Mcrtsola. II. Soini. M. Skurnik. O. Ruuskanen. and M. K. 
Viljanen. 1993. Comparison of polymerase chain reaction wilh culture and 
enzyme immunoassay for diagnosis of pertussis. J. Clin. Microbiol. 31:642- 
(v45. 

73. He. Q.. J. Merlsola. II. Soini. and M. K. Viljanen. 1994. Sensitive and 
specific polymerase chain reaction assays for detection of Hortlcii'lla pcrtus- 



Vol. 10. 1997 



NUCLEIC ACID AMPLIFICATION FOR RESPIRATORY INFECTION 253 



sis in nasopharyngeal specimens. J. Pediatr. 124:421-426. 

74. He, Q., M. Marjamaki, H. Soini, J. Mertsola, and M. K. Viljanen. 1994. 
Primers are decisive for sensitivity of PCR. BioTechniques 17:82-87. 

75. Hellyer, T. J., T. W. Fletcher, J. H. Bates, \V. W. Stead, G. L. Templeton, 
M. D. Cave, and K. D. Eisenach. 1996. Strand displacement amplification 
and the polymerase chain reaction for monitoring response to treatment in 
patients with pulmonary tuberculosis. J. Infect. Dis. 173:934-941. 

76. Hermans, P. W. M., A. R. J. Schuitema, D. Van Solingen, C. P. Verstynen, 
E. M. Bik, A. H. Kolk, and J. van Embden. 1990. Specific detection of 
Mycobacterium tuberculosis complex strains bv polymerase chain reaction. 
J. Clin. Microbiol. 28:1204-1213. 

77. Hermans, P. W. M., D. van Soolingen, J. W. Dale, A. R. J. Schutema, R. A. 
McAdam, D. Catty, and J. D. A. van Embden. 1990. Insertion element IS9S6 
from Mycobacterium tuberculosis: a useful tool for diagnosis and epidemi- 
ology of tuberculosis. J. Clin. Microbiol. 28:2051-2058. 

78. Herrera, E. A., and M. Segovia. 1996. Evaluation of mtp40 genomic frag- 
ment amplification for specific detection of Mycobacterium tuberculosis in 
clinical specimens. J. Clin. Microbiol. 34:1108-1113. 

79. Higuchi, R. 1989. Simple and rapid preparation of samples for PCR, p. 
31-38. In H. A. Erlich (ed.). PCR technology. Principles and applications 
for DNA amplification. Stockton Press. New York. N.Y. 

80. Holland, S. M., C. A. Gaydos, and T. C. Quinn. 1990. Detection and 
differentiation of Chlamydia trachomatis, Chlamydia psittaci, and Chlamydia 
pneumoniae by DNA amplification. J. Infect. Dis. 162:984-987. 

81. Holmes, A. R., R. D. Cannon, M. G. Shepherd, and H. F. Jenkinson. 1993. 
Detection of Candida albicans and other veasts in blood by PCR. J. Clin. 
Microbiol. 32:228-231. 

82. Hopfer, R. L., P. Walden, S. Setterquist, and VV. E. Highsmith. 1993. 
Detection and differentiation of fungi in clinical specimens using polymer- 
ase chain reaction (PCR) amplification and restriction enzyme analysis. 
J. Med. Vet. Mycol. 31:65-75. 

83. Hunt, J. M, G. D. Robert, L. Stockman, T. A. Felmlee, and H. Persing. 
;4894. Detection of a genetic locus encoding resistance to rifampin in my- 
^robacterial cultures and clinical specimens. Diagn. Microbiol. Infect. Dis. 
51:219-227. 

84. =Hyman, C. L., P. M. Roblin, C. A. Gaydos, T. C. Quinn, J. Schachter, and 
'■M. R. Hammerschlag. 1995. Prevalence of asymptomatic nasopharyngeal 
'carriage of Chlamydia pneumoniae in subjectively healthy adults: assess- 
iaent by polymerase chain reaction-enzyme immunoassay and culture. Clin. 
Effect. Dis. 20:1174-1178. 

85. ffSiiyama, S., Y. Iinuma, Y. Tawada, S. Yamori, Y. Hasegawa, H. Shi- 
jnbkata. and N. Nakashima. 1996. Evaluation of GenProbe amplified My- 
cobacterium tuberculosis direct test and Roche-PCR microwell plate hybrid- 
iHjtion method (Amplicor Mycobacterium) for direct detection of 
mycobacteria. J. Clin. Microbiol. 34:130-133. 

86. Seven, M, D. Ursi, H. Van Bever, W. Quint, H. G. M. Niesters, and H. 
i6oossens. 1996. The detection of Mycoplasma pneumoniae by two polymer- 
ase chain reactions and its role in acute respiratory tract infections in 
jrjldiatric patients. J. Infect. Dis. 173:1445-1452. 

87. inamine, J. M., T. P. Denny, S. Loechel, U. Schaper, C. H. Huang, K. F. 
=BJtte, and P. C. Hu. 1988. Nucleotide sequence of the PI attachment- 
ipxbtein gene of Mycoplasma pneumoniae. Gene 64:217-219. 

88. Mvannisci, D. M., and E. S. Winn-Deen. 1993. Ligation amplification and 
fluorescence detection of Mycobacterium tuberculosis DNA. Mol. Cell. 
Probes 7:35^)3. 

89. 'Ireland. D. C, J. Kent, and K. G. Nicholson. 1993. Improved detection of 
rhinoviruses in nasal and throat swabs by semincsted RT-PCR. J. Med. 
Virol. 40:96-101. 

90. Jaulhac, B., M. Nowicki, N. Bornstein, O. Meunier, G. Prevost, Y. Piemont, 
J. Fleurette, and H. Monteil. 1992. Detection of Legionella spp. in bron- 
choalveolar lavage fluids by DNA amplification. J. Clin. Microbiol. 30:920- 
924. 

91. Johnston. S. L-, G. Sanderon, P. K. Pattemore, S. Smith, B. G. Bardin, C. B. 
Bruce, P. R. Lambden, D. A. J. Tyrrell, and S. T. Holgate. 1993. Use of 
polvmerase chain reaction for diagnosis of picornavirus infection in subjects 
with and without respiratory symptoms. J. Clin. Microbiol. 31:1 1 1-117. 

92. Jonas, V., M. J. Alden, J. I. Curry, K. Kamisango, C. A. Knott, R. Lankford. 
J. M. Wolfe, and D. F. Moore. 1993. Detection and identification of Myco- 
bacterium tuberculosis directly from sputum sediments by amplification of 
rRNA. J. Clin. Microbiol. 31:2410-2416. 

93. Jordan. J. A., and M. B. Durso. 1996. Rapid speciation of the five most 
medically relevant Candida species using PCR amplification and a micro- 
liter plate-hased detection system. Mol. Diagn. 1:51-58. 

94. Kai. M.. S. Kamiya, H. Yabe. 1. Takakura, U. Shiozawa. and A. Ozawa. 
1993. Rapid detection of Mycoplasma pneunumiue in clinical samples by the 
polymerase chain reaction. J. Med. Microbiol. 38:166-17(1. 

95. Kan, V. L. 1993. Polymerase chain reaction for the diagnosis of candidemia. 
J. Infect. Dis. 168:779-7X3. 

96. Kanekn. S.. S. Murakami. M. Unoura. and K. Kuhavashi. 1992. Quantita- 
tion of hepatitis C virus RNA by competitive polymerase chain reaction. 
J. Med. Virol. 37:278-282. 

97. Kapur. V.. L. Li, S. lordanescu, M. R. llanicrick. A. Wagner. It. N. 



Kreiwirth. and J. M. Musser. 1994. Characterization by automated DNA 
sequencing of mutations in the gene (rpoB) encoding the RNA polymerase 
beta subunit in rifampin-rcsistanl Mycobacterium tuberculosis strains from 
New York City and Texas. J. Clin. Microbiol. 32:1095-1098. 

98. Kessler. H. H., F. F. Reinthaler, A. Pschaid, K. Pierer, B. Kleinhappl, E. 
Eber, and E. Marth. 1993. Rapid detection of Legionella species in bron- 
choalveolar lavage fluids with the EnviroAmp Legionella PCR amplifica- 
tion and detection kit. J. Clin. Microbiol. 31:3325-3328. 

99. Kirkuood, B. R. 1988. Essentials of medical statistics. Blackwell Scientific 
Publications. Oxford, England. 

100. Kirschner. P., B. Springer, U. Vogel, A. Meier. A. VVrede, M. Kiekenbeck, 
F.-C. Bange, and E. Bottger. 1993. Gcnotypic identification of mycobacteria 
by nucleic acid sequence determination: report of a 2-year experience in a 
clinical laboratory- J. Clin. Microbiol. 31:2882-2889. 

101. Kitada, K.. S. Oka, T. Kohjin, S. Kimura, Y. Nakamura, and K. Shimada. 
1993. Pneumocystis carinii pneumonia monitored by P. carinii shedding in 
sputum by the polymerase reaction. Intern. Med. 32:370-373. 

102. Kieemola, M., T. Heiskanen-Kosma, H. Nohynek. S. Jokinen, M. Korppi, 
and J. Eskola. 1993. Diagnostic efficacy of a Mycoplasma pneumoniae hy- 
bridization test in nasopharyngeal aspirates of children. Pediatr. Infect. Dis. 
J. 12:344-345. 

103. Kleemola, S. R., J. E. Karjalainen, and R. K. Raty. 1990. Rapid diagnosis 
of Mycoplasma pneumoniae infection: clinical evaluation of a commercial 
probe test. J. Infect. Dis. 162:70-75. 

104. Kocagoz, T., E. Yilmaz, S. Ozkara, S. Kocagoz, M. Hayran, M. Sachedeva, 
and H. F. Chambers. 1993. Detection of Mycobacterium tuberculosis in 
sputum samples bv polymerase chain reaction using a simplified procedure. 
J. Clin. Microbiol! 31:1435-1438. 

105. Kolk, A. H. J., G. T. Noordhoek, O. De Leeuw, S. Kuyper, and J. A. D. van 
Embden. 1 994. Mycobacterium smegmatis strain for detection of Mycobac- 
terium tuberculosis by PCR used as internal control for inhibition of ampli- 
fication and for quantification of bacteria. J. Clin. Microbiol. 32:1354-1356. 

106. Kornberg, A. 1959. Enzymatic synthesis of deoxyribonucleic acid. Harvey 
Lect. 53:83-112. 

107. Krasnow, I., and L. G. Wayne. 1966. Sputum digestion. I. The mortality rate 
of tubercle bacilli in various digestion systems. Am. J. Clin. Pathol. 45:352- 
355. 

108. Ksiazek, T. G., C. J. Peters, P. E. Rollin, S. Zaki, S. Nichol, C. Spiropoulou, 
S. Morzunov, H. Feldmann, A. Sanchez, A. S. Khan, B. W. J. Mahy, K. 
Wachsmuth, and J. C. Butler. 1995. Identification of a new North American 
Hantavirus that causes acute pulmonary insufficiency. Am. J. Trop. Med. 
Hyg. 52:117-123. 

109. Lamhlin. G., H. Kahmoune, J. M. Wieruszeski, M. Lhermitte, G. Streckei. 
and P. Rocussel. 1991. Structure of two sulphated oligosaccharides from 
respiratory mucins of a patient suffering from cystic fibrosis: a fast-atom- 
bombardment m.s. and 'H-n.m.r. spectroscopic studv. Biochem. J. 275:199- 
206. 

1 10. Landegren, U., R. Kaiser, J. Sanders, and L. Hood. 1988. A ligase mediated 
gene detection technique. Science 241:1077-1080. 

111. Leigh, T. R., B. G. Gazzard, A. Rowbottom, and J. V. Collins. 1993. Quan- 
titative and qualitative comparison of DNA amplification by PCR with 
immunofluorescence staining for diagnosis of Pneumocystis carinii pneumo- 
nia. J. Clin. Microbiol. 46:140-144. 

1 12. Leng, Z., G. E. Kenny, and M. C. Roberts. 1 994. Evaluation of the detection 
limits of PCR for Identification o{ Mycoplasma pneumoniae in clinical sam- 
ples. Mol. Cell. Probes 8:125-130. 

113. Lipschik, G. Y., V. J. Gill, J. D. Lundgren, V. A. Andrawis, N. A. Nelson, 
J. O. Nielsen, F. P. Ognibine, and J. A. Kovacs. 1992. Improved diagnosis 
of Pneumocystis carinii infection by polymerase chain reaction on induced 
sputum and blood. Lancet 340:203-206. 

1 14. Liu, Z.. J. E. Stout. L. Tedesco, M. Boldin, C. Hwang, W. F. Diven. and V. L. 
Yu. 1994. Controlled evaluation of copper-silver ionization in eradicating 
Legionella pneumophila from a hospital water distribution system. J. Infect. 
Dis. 169:919-922. 

115. Lomeli, H., S. Tyagi, C. G. Pritchard. P. M. Lizardi. and F. R. Kramer. 

1989. Quantitative assays based on the use of replicatable hyhridization 
probes. Clin. Chcm. 35:1826-1831. 

116. Luneberg, E., J. S. Jensen, and M. Frosch. 1993. Detection tit Mycoplasma 
pneumoniae by polymerase chain reaction and nonradioactive hybridization 
in microliter plates. J. Clin. Microbiol. 31:1088-1094. 

1 17. Maass. M., and K. Dalhoff. 1994. Comparison of sample preparation meth- 
ods for detection of Chlamydia pneumoniae in broncho-alveolar lavage lluid 
by PCR. J. Clin. Microbiol. 32:2616-2619. 

118. Magiapan. G.. M. Vokurka. L. Schouls. J. Cadranel. D. Lccossier. J. van 
Embden. and A. J. Manic. 1996. Sequence capture-PCR improves detection 
of mycobacterial DNA in clinical specimens. J. Clin. Microbiol. 34:1209- 
1215.' 

1 19. Maiwald. M.. K. Kissel. S. Srininang. M. von Knehel-Docricnitz. and H. G. 
Sonntag. 1994. Comparison of polymerase chain reaction and conventional 
culture for the detection of legionellas in hospital water samples. J. Appl. 
Haclcriol. 76:216-225. 

1211. Maiwald. M.. M. Schill. C. Sloekinger. .1. II. Ilelhig. P. C. Luck. W. Wil/k-b. 



254 I EVEN AND GOOSSENS 



Clin. Microbiol. Rev. 



and H. G. Sonntag. 1995. Detection of Legionella DNA in human and 
guinea pig urine samples by the polymerase chain reaction. Eur. J. Clin. 
Microbiol. Infect. Dis. 14:25-33. 

121. Makimura, K., S. Y. Murayama. and H. Yamaguchi. 1994. Detection of a 
wide range of medically important fungi by the polymerase chain reaction. 
J. Med. Microbiol. 40:358-364. 

122. Marmion. B. P., J. Williamson, D. A. Worswick, T. W. Kok, and R. J. 
Harris. 1993. Experience with newer techniques for the laboratory detec- 
tion of Mycoplasma pneumoniae infection. Clin. Infect. Dis. 17:S90-S99. 

123. Meade. B. D., and A. Bollen. 1994. Recommendations for use of the poly- 
merase chain reaction in the diagnosis of Bordelella pertussis infections. 
J. Med. Microbiol. 41:51-55. 

124. Melchers. \V. J., P. E. Vervteij, P. van den Hurk, A. van Belkum, B. E. De 
Pauw, J. A. Hoogkamp-Korstanje, and J. F. Meis. 1994. General primer- 
mediated PCR for detection of Aspergillus species. J. Clin. Microbiol. 32: 
1710-1717. 

125. Miller, L. A., J. L. Beebe. J. C. Butler. VV. Martin, R. Benson, R. E. 
Hoffman, and B. S. Fields. 1993. Use of polymerase chain reaction in an 
epidemiologic investigation of Pontiac fever. J. Infect. Dis. 168:769-772. 

126. Miller, N., S. G. Hernandez, and T. J. Cleary. 1994. Evaluation of Gen- 
Probe amplified Mycobacterium tuberculosis direct test and PCR for direct 
detection of Mycobacterium tuberculosis in clinical specimens. J. Clin. Mi- 
crobiol. 32:393-397. 

127. Miyakawa, Y., T. Mabuchi, K. Kagaya, and Y. Fukazawa. 1992. Isolation 
and characterization of a species specific DNA fragment for detection of 
Candida albicans by polymerase chain reaction. J. Clin. Microbiol. 30:894-900. 

128. Miyakawa, Y., T. Mabuchi, and Y. Fukazawa. 1993. New method for de- 
tection of Candida albicans in human blood bv polymerase chain reaction. 
J. Clin. Microbiol. 31:3344-3347. 

129. Miyazaki, Y., H. Koga, S. Kohno, and M. Kaku. 1993. Nested polymerase 
chain reaction for detection of Mvcobacterium tuberculosis in clinical sam- 

_ pies. J. Clin. Microbiol. 31:2228-2232. 

yfi. Moore, D. F., and J. 1. Curry. 1995. Detection and identification of Myco- 
ffi bacterium tuberculosis directlv from sputum sediments bv Amplicor 
"J; PCR. J. Clin. Microbiol. 33:2686-2691. 

j3j. Mori, J., and J. P. Clewley. 1994. Polymerase chain reaction and sequencing 
! . s for typing rhinovirus RNA. J. Med. Virol. 44:323-329. 

Mullis, K., F. Faloona, S. Scharf, R. Saiki, G. Horn, and H. Erlich. 1986. 
i is Specific enzymatic amplification of DNA in vitro: the polymerase chain 
5= reaction. Cold Spring Harbor Symp. Ouant. Biol. 51:263-273. 
feS. Myint, S., S. Johnston, G. Sanderson, and H. Simpson. 1994. Evaluation of 
fy nested polymerase chain methods for the detection of human coronaviruses 

229E and OC43. Mol. Cell. Probes 8:357-364. 
U4. Nakarnura, H., Y. Shibata, Y. Kudo, S. Saito, H. Kimura, and H. Tomoike. 
c 1994. Detection of Aspergillus fumigatus DNA by polymerase chain reaction 

in the clinical samples from individuals with pulmonary aspergillosis. Rhin- 
LJ sho-Byori 42:676-681. 

{3^. Nicho'l, S. T., C. Spiropoulou, S. Morzunov. P. E. Rollin, T. G. Ksiazek, H. 

Feldmann, A. Sanchez, J. Childs, S. Zaki, and C. J. Peters. 1993. Genetic 
Q identification of a hantavirus associated with an outbreak of acute respira- 

tory illness. Science 226:914-917. 
Jsfo Nicholson, K. G., J. Kent, and D. C. Ireland. 1993. Respiratory viruses and 
■JJ exacerbations of asthma in adults. Br. Med. J. 307:982-996. 
IS Nolte, F. S., B. Metchock, J. E. McGowan, Jr., A. Edwards, O. Okwumabua, 
4= C. Thurmond, P. S. Mitchell, B. Plikaytis, and T. Shinnick. 1993. Direct 

detection of Mycobacterium tuberculosis in sputum by polymerase chain 

reaction and DNA hybridization. J. Clin. Microbiol. 31:1777-1782. 

138. Noordhoek, G. T., A. H. J. Kolk, G. Bjune, D. Catty, J. W. Dale, P. E. M. 
Fine, P. Godfrey-Faussett, S. N. Cho, T. Shinnick, S. B. Svenson, S. Wilson, 
and J. D. A. van Embden. 1994. Sensitivity and specificity of PCR for 
detection of Mycobacterium tuberculosis: a blind comparison study among 
seven laboratories. J. Clin. Microbiol. 32:277-284. 

139. Noordhoek, G. T., J. Kaan, S. Mulder, H. Wilke, and A. H. J. Kolk. 1995. 
Routine application of polymerase chain reaction for detection of Myco- 
bacterium tuberculosis in clinical samples. J. Clin. Pathol. 48:810-814. 

140. Noordhoek, G. T., J. van Embden, and A. H. J. Kolk. 1996. Reliability of 
• . nucleic acid amplification for detection of Mycobacterium tuberculosis: an 

international collaborative quality control study among 30 laboratories. 
' J. Clin. Microbiol. 34:2522-2525. ' 

141. Olive. D. M., S. Al-Mufti. W. Al-Mulla, M. A. Khan, A. Pasca, G. Stanway, 
and W. Al-Nakib. 199(1. Detection and differentiation of picornaviruses in 
clinical samples following scnumic amplification. J. Gen. Virol. 71:2141- 
2147. 

142. Olsson. M.. K. Elvin. S. Loldahl. and E. Under. 1993. Detection ol 'Pneu- 
mocystis carinii DNA in sputum and bronchoalvcolar lavage samples by 
polymerase chain reaction. J. Clin. Microbiol. 31:221-226. 

143. Ouchi. K., T. Nakazuwa. M. Karita. and Y. Kancharu. 1994. Prevalence of 
Chlamydia pneumoniae in acute lower respiratory infection in the pediatric 
population in Japan. Acta Paediatr. Jpn. 36:25f>-260. 

144. Palanco. A. M., J. L. Rodriguez- Tuleda. and J. V. Martincz-Suurez. 1995. 
Detection of pathogenic fungi in human blood by the polymerase chain 
reaction. Eur. J. Clin. Microbiol. Infect. Dis. l5:nlN-(>20. 



145. Pao. C. C. T. S. B. Yen, J. B. You. J. S. Maa. E. H. Fiss, and C. H. Chang. 

1990. Detection and amplification of Mycobacterium tuberculosis by DNA 
amplification. J. Clin. Microbiol. 28:1877-1SS0. 

146. Paton. A. W., J. C. Paton, A. J. Lawrence, P. N. Goldwater, and R. J. Harris. 
1992. Rapid detection of respiratory syncytial virus in nasopharyngeal as- 
pirates by reverse transcription and polymerase chain reaction amplifica- 
tion. J. Clin. Microbiol. 30:901-904. 

147. Pattyn. S. R., D. Provincial, R. Lambrechts. and P. Ceuppens. 1991. Rapid 
diagnosis of viral respiratory infections. Comparison between immunoflu- 
orescence on clinical samples and immuno-fluorescence on centrifuged 
cultures. Acta Clin. Belg. 46:7-12. 

148. Pattyn, S. R., D. Ursi, M. Ieven, V. Raes. and P. Jamet. 1992. Polymerase 
chain reaction amplifying DNA coding for species specific rRNA of Myco- 
bacterium leprae. Int. J. Lepr. 60:234-243. 

149. Persing. D. H. 1993. In vitro nucleic acid amplification techniques, p. 51-87. 
In D. H. Persing. T. F. Smith, F. C. Tenover, and T. J. White (cd.), 
Diagnostic molecular microbiology. Principles and applications. American 
Society for Microbiology. Washington. D.C. 

150. Pfaller, M. A. 1994. Application of new technology to the detection, iden- 
tification and antimicrobial susceptibility testing of mycobacteria. Am. J. 
Clin. Pathol. 101:329-337. 

151. Piatak. M. J., K. C. Luk, B. Williams, and J. D. Lifson. 1993. Quantitative 
competitive polymerase chain reaction for accurate quantitation of HIV 
DNA and RNA species. BioTechniques 14:70-81. 

152. Pierre, C, D. Lecossier, Y. Boussougant, D. Bocart, V. Joly, P. Yeni, and 
A. J. Hance. 1991. Use of a reamplification protocol improves sensitivity of 
detection of Mycobacterium tuberculosis in clinical samples by amplification 
of DNA. J. Clin. Microbiol. 29:712-717. 

153. Pierre, C, C. Olivier, D. Lecossier, Y. Boussougant, P. Yeni, and A. J. 
Hance. 1993. Diagnosis of primary tuberculosis in children by amplification 
and detection of mycobacterial DNA. Am. Rev. Respir. Dis. 147:420-^424. 

154. Pfyffer, G. A., P. Kissling, R. Wirth, and R. Weber. 1994. Direct detection 
of Mycobacterium tuberculosis complex in respiratory specimens by a target- 
ampiified test system. J. Clin. Microbiol. 32:918-923. 

155. Polanco, A. M., J. L. Rodriguez-Tudela, and J. V. Martinez-Suarez. 1995. 
Detection of pathogenic fungi in human blood by the polymerase chain 
reaction. Eur. J. Clin. Microbiol. Infect. Dis. 14:618-621. 

156. Portaels, F., E. Serruys, H. De Beenhouwer, J. Degraux, K. De Ridder. K. 
Fissette, J. Gomez-Marin, H. Goossens, F. Miihlberger, F. Nturanye, S. R. 
Pattyn, F. Pouthier, and A. Van Deun. 1996. Evaluation of the Gen-Probe 
Amplified Mycobacterium Tuberculosis Direct Test for the routine diag- 
nosis of pulmonary tuberculosis. Acta Clin. Belg. 51:144-149. 

157. Priickl, P. R., C. Aspock, A. Makristathis, M. L. Rotter, H. Wank, B. 
Willinger, and A. M. Hirschl. 1995. Polymerase chain reaction for detection 
of Chlamydia pneumoniae in gargled-water specimens of children. Eur. 
J. Clin. Microbiol. Infect. Dis. 14:141-144. 

158. Rand, K. H., H. Houek, and M. Wolff. 1994. Detection of candidemin by 
polymerase chain reaction. Mol. Cell. Probes 8:215-221. 

159. Raoult, D., G. Vestris, and M. Enea. 1990. Isolation of 16 strains of Coxiella 
burnetii from patients by using a sensitive centrifugation cell culture system 
and establishment of the strains in HEL cells. J. Clin. Microbiol. 28:2482- 
2484. 

160. Rasmussen, S. J., F. P. Douglas, and P. Timms. 1992. PCR detection and 
differentiation of Chlamydia pneumoniae. Chlamydia psittaci, and Chla- 
mydia trachomatis. Mol. Cell. Probes 6:389-394. 

161. Reddy, L. V., A. Kumar, and V. P. Kurup. 1993. Specific amplification of 
Aspergillus fumigatus DNA by polymerase chain reaction. Mol. Cell. Probes 
7:121-126. 

162. Reiss, E., and C. J. Morrison. 1993. Nonculture methods for diagnosis of 
disseminated candidiasis. Clin. Microbiol. Rev. 6:311-312. 

163. Resnikov, M., T. K. Blackmore, J. J. Finlay-Jones, and D. L. Gordon. 1995. 
Comparison of nasopharyngeal aspirates and throat swab specimens in a 
polymerase chain reaction based test for Mycoplasma pneumoniae. Eur. 
J. Clin. Microbiol. Infect. Dis. 14:58-6! 

164. Rolfs, A., J. Beige, U. Finck, B. Kohler. T. Sehaberg, J. Lokies. and H. Lode. 
1995. Amplification of Mvcobacterium tuberculosis from peripheral blood. 
J. Clin. Microbiol. 33:3312-3314. 

165. Roure, C. 1994. Le programme regional de vaccination cn Europe (1991- 
1993). Same 4:145-150. 

166. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with 
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463-5467. 

167. Scadden, D. T., Z. Wang, and J. E. Groopman. 1992. Quantitation of 
plasma human immunodeficiency virus type 1 RNA by competitive poly- 
merase chain reaction. J. Infect. Dis. 165:1 1 19-1 123. 

168. Schirm. J.. L. A. B. Oostendorp. and J. G. Mulder. 1995. Comparison of 
Amplicor. in-house PCR and conventional culture for detection of Myco- 
bacterium tuberculosis in clinical samples. J. Clin. Microbiol. 33:3221-3224. 

169. Schliipfer. ( '•.. H. P. Senn, R. Iterger. and M. Just. 1993. Use of polymerase 
chain reaction to detect liimletctla petiussis in patients with mild or atypical 
symptoms of infection. Eur. J. Clin. Microbiol. Infect. Dis. 12:459-463. 

1711. Schlapfcr. G.. .1. I). Cherry, li. Heiniger. M. UIhtuII. S. Schmill-Gnihc. S. 
Laussucq. M. Just, and K. Slehr. 1995. Polymerase chain reaction idenli- 




Vol. 10. 1997 NUCLEIC 



fication of Bordetella pertussis infections in vaccinees and family members in 
a pertussis vaccine efficacy trial in Germany. Pediatr. Infect. Dis. J. 14:209- 
214. 

171. Schluger, N. W„ R. Condos. S. Lewis, and VV. Rom. 1994. Amplification of 
DNA of Mycobacterium tuberculosis from peripheral blood of patients with 
pulmonary tuberculosis. Lancet 344:232-233. 

172. Schluger, N. W.. D. Kinney, T. J. Harkin, and W. N. Rom. 1994. Clinical 
utility of the polymerase chain reaction in the diagnosis of infections due to 
Mycobacterium tuberculosis. Chest 105:1116-1121. 

173. Setterquist, S., and W. E. Highsmith. 1993. Detection and differentiation of 
fungi in clinical specimens using polymerase chain reaction (PCR) ampli- 
fication and restriction enzyme analysis. J. Med. Vet. Mycol. 31:65-74. 

174. Shah, J. S., J. Liu, D. Buxton, A. Hendricks, L. Robinson, G. Radcliffe, W. 
King, D. Lane, D. M. Olive, and J. D. Klinger. 1995. Q-beta replicase- 
amplified assay for detection of Mycobacterium tuberculosis directly from 
clinical specimens. J. Clin. Microbiol. 33:1435-1441. 

175. Shawar, R. M., F. A. K. El-Zaatari. A. Nataraj, and J. E. Clarridge. 1993. 
Detection of Mycobacterium tuberculosis in clinical samples by two-step 
polymerase chain reaction and non-isotopic hybridization methods. J. Clin. 
Microbiol. 31:61-65. 

176. Sillis, M. 1993. Modern methods for the diagnosis of Mycoplasma pneu- 
moniae pneumonia. Rev. Med. Microbiol. 4:24-30. 

177. Sirko, D. A, and G. D. Ehrlich. 1994. Laboratory facilities, protocols, and 
operations, p. 19^13. In G. D. Ehrlich and S. J. Greenberg (ed.), PCR-based 
diagnostics. Blackwell Scientific Publications, Boston, Mass. 

178. Skakni, L., A Sardet, J. Just, I. Landman-Parker, J. Costil, N. Maniot- 
Ville, F. Bricout, and A Garberg-Chenon. 1992. Detection of Mycoplasma 
pneumoniae in clinical samples from pediatric patients by polymerase chain 
reaction. J. Clin. Microbiol. 30:2638-2643. 

179. Soini, H., M. Shurnik, K. Liippo, E. Tala, and M. K. Viljanen. 1992. 
Detection and identification of mycobacteria by amplification of a segment 

_of the gene coding for the 32 kilodalton protein. J. Clin. Microbiol. 30: 
te025-2O2S. 

ISO.fSpreadbury, C, D. Holden, A. Aufauvre-Brown, B. Bainbridge, and J. 

jjffohen. 1993. Detection of Aspergillus fumigatus by polymerase chain reac- 

jubn. J. Clin. Microbiol. 31:615-621. 
181.; Stein, A., and D. Raoult. 1992. Detection of Coxiella burnetii by DNA 

^amplification using polymerase chain reaction. J. Clin. Microbiol. 30:2462- 

f»66. 

182.iSrebel, P. M., S. L. Cochi, K. M. Farizo, B. J. Plane, S. D. Hanauer, and 
L. Banghman. 1993. Pertussis in Missouri: evaluation of nasopharyngeal 
[?|lture. direct fluorescent antibody testing and clinical case definition in the 
^diagnosis of pertussis. Clin. Infect. Dis. 16:276-285. 

183. yinkewaki, S., K. Okuzumi, H. Ishiko, K. Nakahara, A. Ohkubo, and R. 
_Nagai. 1993. Genus-specific polymerase chain reaction for the mycobacte- 
rial dnaj gene and species specific oligonucleotide probes. J. Clin. Micro- 
Ihfol. 43:446-450. 

184. ; T-flkewaki, S., K. Okuzumi, I. Manabe, M. Tanimura, K. Miyamura, K. 
*fvakahara, Y. Yazaki, A. Ohkubo, and R. Nagai. 1994. Nucleotide sequence 
[comparison of the mycobacterial dnaJ gene and PCR-restriction fragment 
flength polymorphism analysis for identification of mycobacterial species. 
Mn ; t. J. Syst. Bacteriol. 44:159-166. 

185. ;jTainburini, E., P. Mencarini, A. De Luca, G. Maiuro, G. Ventura, A. 
■Snlinori, A Ammassari, E. Visconti, L. Ortona, and A. Siracusano. 1993. 
=t)iagnosis of Pneumocystis carinii pneumonia: specificity and sensitivity of 

polymerase chain reaction in comparison with immunofluorescence in 
bronchoalveolar lavage specimens. J. Med. Microbiol. 38:449-453. 

186. Tang, C. M., D. W. Holden. A. Aufauvre-Brown, and J. Cohen. 1993. The 
detection of Aspergillus spp. by the polymerase chain reaction and its eval- 
uation in bronchoalveolar lavage fluid. Am. Rev. Rcspir. Dis. 148:1313-1317. 

187. Taranger, J., B. Trollfors, L. Lind, G. Zackrisson, and K. Beling- 
Holmquist. 1994. Environmental contamination leading to false-positive 
polymerase chain reaction for pertussis. Pediatr. Infect. Dis. J. 13:936-937. 

188. Tclen:.. A., P. Imboden, and D. Germann. 1992. Comparative polymerase 
chain reaction using an internal standard: application to the quantitation of 
viral DNA. J. Virol. Methods 39:259-268. 

189. Telenti. A.. P. Imboden, F. Marchesi. 1). Lowrie, S. Cole, M. J. Colston. L. 
Matter. K. Schopfer, and T. Bodmer. 1993. Detection of rifampicin resis- 
tance mutations in Mycobacterium tuberctilosis. Lancet 341:647-650. 

190. Telenti. A., P. Imboden. F. Marchesi. T. Schmidhcini. and T. Bodmer. 1993. 
Direct automated detection of rifampicin-resislant Mycobacterium tubercu- 
losis by polymerase chain reaction and single strand conformation polymor- 
phism analysis. Amimicruh. Agents Chemother. 37:2054-2058. 

191. linovcr. F. C. and E. R. Linger. 1993. Nucleic acid probes for detection and 
identification of infectious agents, p. 3-25. In D. II. Persing. T. F. Smith. 
F. C. Tenovcr. and T. J. White (ed.). Diagnostic molecular microbiology. 
Principles and applications. American Society for Microbiology. Washing- 
Ion. DC. 

192. Thorn. I). II.. J. T. Gruyslon, L. A. Campbell. V. K. Diwan. and S. P. Wang. 

l l > l M. Rcspiiatiirv infection with Chlamydia pneumoniae in middle-aged and 
older adult outpatients. Eur. .1. Clin. Microbiol. Infect. Dis. 13:7K5-792. 

193. Tjhie. J. II.. F. .1. Van kuppevcld. K. Koosendaal. VV. .1. .Meehers. R. 




ACID AMPLIFICATION FOR RESPIRATORY INFECTION 255 



Gordijn, D. M. MacLaren. J. M. Walboomers. C. J. Meyer, and A J. van 
den Brule. 1994. Direct PCR enables detection of Mycoplasma pneumoniae 
in patients with respiratory tract infections. J. Clin. Microbiol. 32:11-16. 

194. To, H.. N. Kako, G. Q. Zhang, H. Otsuka, M. Ogawa, O. Ohial, S. V. 
Nguyen. T. Yamaguchi, H. Fukushi, N. Nagaoka, M. Akiyama, K. Amano, 
and K. Hirai. 1996. Q-fever pneumonia in children in Japan. J. Clin. 
Microbiol. 34:647-651. 

195. Tong, C. Y., and M. Sillis. 1993. Detection of Chlamydia pneumoniae and 
Chlamydia psinaci in sputum samples by PCR. J. Clin. Pathol. 46:313-317. 

196. Tongersen, H., T. Skern, and D. Blaas. 1989. Typing of human rhinoviruses 
based on sequence variations in the 5' non-coding region. J. Gen. Virol. 
70:3111-3116. 

197. Ulrich, P. P., J. M. Romeo, L. J. Daniel, and G. N. Vyas. 1993. An improved 
method for the detection of hepatitis C virus in plasma utilizing heminested 
primers and internal control RNA. PCR Methods Applic. 2:241-249. 

198. Ursi, J. P., D. Ursi, M. Ieven, and S. R. Pattyn. 1992. Utility of an internal 
control for the polymerase chain reaction: application to detection of My- 
coplasma pneumoniae in clinical specimens. APMIS 100:635-639. 

199. Van der Zee, A., C. Agterberg, M. Peeters, J. Schellekens, and F. R. Mooi. 
1993. Polymerase chain reaction assay for pertussis: simultaneous detection 
and discrimination of Bordetella pertussis and Bordetella parapertussis. 
J. Clin. Microbiol. 31:2134-2140. 

200. van Deventer, A J., W. H. Goessens, A. van Belkum, H. J. van Vliet, E. W. 
van Etten, and H. A Verbrugh. 1995. Improved detection of Candida 
albicans by PCR in blood of neutropenic mice with systemic candidiasis. 
J. Clin. Microbiol. 33:625-628. 

201. Van Kuppeveld. F. J., K. E. Johansson, J. M. Galama, J. Kissing, G. Bolske, 
E. Hjelm, J. T. van der Logt, and N. J. Melchers. 1994. 16S rRNA based 
polymerase chain reaction compared with culture and serological methods 
for diagnosis of Mycoplasma pneumoniae infection. Eur. J. Clin. Microbiol. 
Infect. Dis. 13:401^105. 

202. van Soolingen, D., P. E. W. de Haas, P. W. M. Hermans, P. M. A. Groenen, 
and J. D. A. van Embden. 1993. Comparison of various repetitive DNA 
elements as genetic markers for strain differentiation and epidemiology of 
Mycobacterium tuberculosis. J. Clin. Microbiol. 31:1987-1995. 

203. Vlaspolder, F.. P. Singer, and C. Roggeveen. 1995. Diagnostic value of an 
amplification method (Gen-probe) compared with that of culture for diag- 
nosis of tuberculosis. J. Clin. Microbiol. 33:2699-2703. 

204. von Eiff, M., N. Roos, W. Fegeler, C. von Eiff, M. Ziihlsdorf, J. Glaser, and 
J. van de Loo. 1994. Pulmonary fungal infections in immunocompromised 
patients: incidence and risk factors. Mycoses 37:329-335. 

205. Vuorinen, P., A Miettinen, R. Vuento, and O. Hallstrom. 1995. Direct 
detection of Mycobacterium tuberculosis complex in respiratory specimens 
by GenProbe amplified Mycobacterium tuberculosis Direct Test and Roche 
Amplicor Mycobacterium tuberculosis test. J. Clin. Microbiol. 33:1856-1859. 

206. Wadowsky, R. M., R. B. Yee, L. Mezmar, E. J. Wing, and J. N. Dowling. 
1982. Hot water systems as sources of Legionella pneumophila in hospital 
and nonhospital plumbing fixtures. Appl. Environ. Microbiol. 43:1104-1110. 

207. Wadowsky, R. M, S. Laus, T. Libert, S. J. States, and G. D. Ehrlich. 1994. 
Inhibition of PCR-based assay for Bordetella pertussis by using calcium 
alginate fiber and aluminum shaft components of a nasopharyngeal swab. 
J. Clin. Microbiol. 32:1054-1057. 

208. Walker, D. A., I. K. Taylor, D. M. Mitchell, and R. J. Shaw. 1992. Com- 
parison of polymerase chain reaction amplification of two mycobacterial 
DNA sequences, IS 6110 and the 65 kDa antigen gene, in the diagnosis of 
tuberculosis. Thorax 47:690-694. 

209. Walker, G. T., J. G. Nadeau, P. A. Spears, J. L. Schram, C. M. Nycz, and 
D. D. Shank. 1994. Multiplex strand displacement amplification (SDA) and 
detection of DNA sequences from Mycobacterium tuberculosis and other 
mycobacteria. Nucleic Acids Res. 22:2670-2676. 

210. Watson, M. W., P. R. Lambden, and 1. N. Clarke. 1991. Genetic diversity 
and identification by amplification of the chlamydial 60-kilodalton cysteine- 
rich outer membrane protein gene. J. Clin. Microbiol. 29:1188-1193. 

21 1. Whelen, A. C, T. A. Felmlee, J\ M. H-int. D. L. Williams, G. D. Roberts, L. 
Stockman, and D. H. Persing. 1995. Direct genotypic detection of Myco- 
bacterium tuberculosis rifampin resistance in clinical specimens by using 
single-tube heminested PCR. J. Clin. Microbiol. 33:556-561. 

212. Williams, D. L., C. Waguespack. K. Eisenach. J. T. Crawford, and F. 
Portaels. 1994. Characterization of rifampin resistance in pathogenic my- 
cobacteria. Antimicrob. Agents Chemother. 38:2380-2386. 

213. Wilson, S. M., R. McNerney, P. M. Nye. P. D. Godfrey-Faussett, N. G. 
Stoker, and A. Voller. 1993. Progress toward a simplified polymerase chain 
reaction and its application to diagnosis of tuberculosis. J. Clin. Microbiol. 
31:776-782. 

214. Wobeser, W., M. Krajden. J. Conly. H. Simpson, B. Yim. M. D'Custa. M. 
Fuksa. C. llian-Cheong, M. Patterson. A. Philips. R. Bannatyne. A. 
Iladdad. .1. L. Brunson. and S. Krayden. 1996. Evaluation of Roche am- 
plicor PCR assav for Mycobacterium tuberculosis. J. Clin. Microbiol. 34: 1 34- 
139. 

215. Wolleoll, M. .1. 1992. Advances in nucleic acid based detection methods. 
Clin. Microbiol. Rev. 5:37(1-381). 

216. Wu, I). Y.. and R. B. Wallace. 1989. The ligase amplification reaction 



256 IEVEN AND GOOSSENS 



Clin. Microbiol. Rev. 



(LAR)-amplification of specific DNA sequences using sequential rounds of 
template-dependent ligation. Genomics 4:560-569. 

217. Yajko, D. M., C. Wagner, V. J. Tavere, T. Kacogoz, W. K. Hadley, and H. F. 
Chambers. 1995. Quantitative culture of Mycobacterium tuberculosis from 
clinical sputum specimens and dilution endpoint of its detection by the 
amplicor PCR assay. J. Clin. Microbiol. 33:1944-1947. 

218. Yuen, K. Y., K. S. Chan, C. M. Chan, B. S. W. Ho, L. K. Dai, P. Y. Chan, 
and M. H. Ng. 1993. Use of PCR in routine diagnosis of treated and 



untreated pulmonary tuberculosis. J. Clin. Pathol. 46:318-322. 

219. Yuen, L. K. W., B. C. Ross, K. M. Jackson, and B. Dwyer. 1993. Charac- 
terization of Mycobacterium tuberculosis from Vietnamese patients by 
Southern blot hybridization. J. Clin. Microbiol. 31:1615-1618. 

220. Zambardi, G., C. Roure, N. Boujaafar, B. Fouque, J. Freney, and J. Fleu- 
rette. 1993. Comparison of three primer sets for the detection of Mycobac- 
terium tuberculosis in clinical samples by polymerase chain reaction. Ann. 
Biol. Clin. Paris 51:893-897. 




Diagnostic 

Molecular 

Microbiology 



PRINCIPLES AND APPLICATIONS 



Edited by 

David H. Persing, M.D., Ph.D. 

Section of Clinical Microbiology, Mayo Clinic, Rochester, Minnesota 
Thomas F. Smith, Ph.D. 

Section of Clinical Microbiology, Mayo Clinic, Rochester, Minnesota 
Fred C. Tenover, Ph.D. 

National Center for Infectious Diseases, Centers for Disease Control, Atlanta, Georgia 

Thomas J. White, Ph.D. 

Roche Molecular Systems, Alameda, California 



American Society for Microbiology 
washington, d.c. 



Copyright © 1993 Mayo Foundation 

Rochester, MN 55905 



Library of Congress Cataloging-in-Publication Data 

Diagnostic molecular microbiology : principles and applications / edited by 
David H. Persing . . . [et al.]. 

p. cm. 
Includes index. 
ISBN 1-55581-056-X 

1. DNA probes — Diagnostic use. 2. Diagnostic microbiology — Technique. 3. Nucleic acid 
hybridization. 4. Communicable diseases — Diagnosis — Laboratory manuals. I. Persing, David H. 
QR69.D4D5 1993 

616.9'047583— dc20 92-38523 

CIP 

All Rights Reserved 

Printed in the United States of America 

This book was coedited and chapter 1 was cowritten by Fred C. Tenover in his private capacity. No - 
official support or endorsement by CDC is intended or should be inferred. 



Cover illustration by Tomo Narashima 



Sample Preparation 
Methods 



1 



Larry Greenfield and Thomas J. White 



Although there has been progress in simplifying the release and purification of 
bacterial or viral nucleic acids from clinical specimens, many research procedures 
are still unsuitable for the clinical laboratory and a universal automated method 
for use with any specimen has not yet been devised. In this chapter, we review 
some of the basic principles that have been learned to date which may guide and 
encourage the reader to develop further improvements that eliminate the require- 
ments for hazardous solutions, centrifugations, and multiple steps. A variety of 
approaches which may be appropriate for certain specimens and pathogens but 
not for others are then described. Finally, each specimen type (e.g., whole blood, 
urine, sputum) is discussed with regard to specific protocols and pathogens. 

Basic Principles 

The ideal sample preparation method represents a trade-off between the 
requirements for the optimal method, the clinical specimen, and the target (Table 
1). Although many of these considerations are interrelated, selection of a few 
crucial items helps define many others. Once the target organism is selected, the 
clinical pathogenesis of the infection generally dictates the appropriate specimen 
and number of microorganisms likely to be present. Determination of the desired 
assay sensitivity and the number of tests to be performed on the processed sample 
then dictates the required volume of specimen to be processed. 

Sample Size Versus Target Copy Number 

Microbiological culture as a "gold standard" has directed our selection of the 
appropriate specimen for many infectious diseases, e.g., blood or plasma for 
human immunodeficiency virus (HIV) and hepatitis C virus (HCV) and endocer- 
vical swabs for chlamydiae. For other pathogens, e.g., Borrelia burgdorferi, the 
optimal specimen for diagnosing each stage of infection has not yet been 
identified. For molecular diagnostic tests that are based on amplification, a single 
copy or molecule of the genetic target from the pathogen, if present in the 
reaction, can be detected in a fully optimized procedure (51, 70). To maximize the 
chance of diagnosing an infection, the largest convenient sample volume should 
be screened. However, since typical molecular diagnostic test reaction volumes 
are 100 jil or less, one is faced with a choice between complex target concentra- 
tion steps (e.g., ethanol precipitation, nucleic acid target capture, and centrifu- 
gation) and lowered assay sensitivity. Hence, if no amplifiable target is detected 
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T able 4. Fundamental goals of sa mple preparation protocols 
Release of nucleic acid from bacteria, viruses, or fungi 
Stabilization of nucleic acid against degradation 
Removal of amplification inhibitors 
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nate or sodium iodide, proteases such as proteinase K (which must be inactivated 
before the sample, is added to the diagnostic reaction mixture) (42), substances 
such as saponin which lyse erythrocytes and leukocytes (e.g., the Wampole 
Isostat Microbial System), or heat (33). Such methods are generally suitable when 
the clinically significant number of infectious organisms per sample volume is 
large (e.g., Chlamydia trachomatis in endocervical swabs), so that the lysed 
specimen does not require significant further dilution (57). If the level of target is 
low, it is frequently necessary to remove amplification inhibitors by additional 
extraction (phenol-chloroform) steps or concentration of the target by alcohol 
precipitation. In addition, detergents are known to inhibit many enzymes, and 
high temperatures may result in degradation of nucleic acids (29). 

Target Capture 

Target capture or cycling offers the possible advantages of automation, 
universality for all specimens, and concentration of target into a small volume. 
This approach has been investigated by Gillespie et al. (36), Hunsaker et al. (44), 
and Lanciotti et al. (54). However, to date there are no published studies that 
demonstrate efficient capture and detection of fewer than 100 target molecules, 
and automated instruments and reagents for this approach are not yet commer- 
cially available. Derivatized magnetic particles can be coupled to oligonucleotide 
capture probes and combined with manual washing steps to remove extraneous 
materials (2, 19). These approaches have their own problems, though, since 
manual washing causes aerosols that may result in sample-to-sample contamina- 
tion. 

Other matrices have been tested for general adsorption of nucleic acids. Glass 
matrices, Sephadex, and diatomaceous earth bind nucleic acids in chaotropic 
solutions (11, 16, 59, 79). Following binding of the nucleic acids to the solid-phase 
matrix, the impurities and amplification inhibitors are removed by centrifugation 
and washing and the nucleic acids are eluted in an amplification-compatible buffer. 
Such approaches are promising since they are relatively simple, can be auto- 
mated, and do not require hazardous reagents. 

Finally, filtration may become a useful approach for certain kinds of 
specimens if it can be automated and made rapid (7a). Cost will be a problem 
unless disposable devices can be manufactured cheaply, and the requirement for 
a vacuum or centrifuge could be a burden for many laboratories. 

Recommended Protocols for Various Specimens 

Whole Blood 

Even after it is decided that the desired specimen for a given target is blood, 
there still remain a number of choices: plasma, serum, whole blood, leukocyte 
fractions, etc. Furthermore, there is a choice of anticoagulants if the specimen is 
plasma: EDTA, heparin, or citrate. The anticoagulant used for plasma collection 
and the method of storage may affect the ability of the assay to detect the presence 
of target sequences (17, 80). Heparin was found to inhibit the activity of both 
murine leukemia virus reverse transcriptase and Taq DNA polymerase (46). In 
addition, the inhibitory effect of heparin does not appear to be removed by 
extraction of RNA by a modification of the acid-phenol-guanidinium method. For 
EDTA-containing tubes, it is recommended that the final concentration of EDTA 
be 1 to 2 mg/ml of blood (final concentration, 6.8 mM). For heparin-containing 
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SANPWIl 

This invention relates generally to the field of nucleic 
acid technology and apecif ically, relates to methods for 
detecting specific genes or base sequences on single 
stranded nucleic acid. 

The recent development of genetic engineering and in 
particular, the manipulation of nucleic acids and genes 
in order to force production of desired metabolites, 
enzymes and the realization certain disease states are 
governed by identifiable base sequences, has created a 
demand for methods for detecting the presence of desired 
(or undesired) genes or base sequences in nucleic acids. 

It is an object of the present invention to provide 
sensitive methods for the detection of such genes or 
base sequences. 

Recently, Ranki et al. described in Gene, 21:77-85 
(1V83J a DNA probe sandwich assay useful for detecting a 
specified portion of a DMA strand. To do so, one probe 
is immobilized on nitrocellulose and is used to capture 
the sample DNA (deoxyribose nucleic acid) by hybridizing 
with the specific gene under investigation. Ranki also 
provides a second probe which is labeled and also 
nonspecific to the gene of interest. 

Ranki's method, however, suffers from several 
disadvantages including variations in specific and 
nonspecific binding characteristic of extended solid 
support systems such as those employing nitrocellulose. 
The repeatability of such solid support preparations has 
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been shown to be a key difficulty in the production of 
coated macroscopic surfaces such as coated test tubes in 
the field of immunoassays. These variations ultimately 
limit the sensitivity of the assay to the range of the 
5 variations. Accordingly, it may be expected that 

similar problems will be associated with Ranki»s method. 

It is an object of the present invention to avoid these 
limitations by providing a method capable of more 
10 repeatable commercial production. 

f siimmarv of the Invention 

In accordance with the objectives of the present 
15 invention, methods are provided for detecting nucleic 

acids having a desired gene or base sequence comprising 
the steps of providing the nucleic acid to be tested in 
a single stranded form and thereafter contacting it with 
a labeled nucleic acid probe specific for a given 

20 section of the nucleic acid strand. A biotinylated 

nucleic acid probe specific for a different portion of 
the nucleic acid strand, is bonded to an avldin coated 
microparticle. The strand having the labeled probe 
hybridized thereto is then mixed with the thusly 

25 prepared microparticles. Binding of the DNA strand to 
the microparticle occurs through the biotinylated probe 
that coats the microparticle. The avidin-biotin 
coupling is sufficiently strong to permit the separation 
of microparticle bound DNA from unbound material. The 

30 bound material is subsequently assayed for label. The 
presence of the label is indicative of the presence of a 
strand having both portions for which the biotinylated 
and labeled probes are specific. Either one of these 
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sections nay be the gene or base sequence of interest. 
Alternately, the decrease of label in solution may be 
monitored and related to the presence of the gene or 
base sequence of interest. 

5 

Brief Summary of the Drawing 

In accordance with the principles of the present 
invention, further understanding may be had by reference 
10 to the figure wherein: 

FIG. 1 artistically shows the labeling and 
□ immobilization of a single stranded nucleic acid. 

hj 15 Detailed Description of the Drawing and Best Mode 

m With reference to FIG. 1, single stranded nucleic acid 

O 10 is provided and may be in the form of ribose nucleic 

= n acid or deoxyribose nucleic acid which has at least been 

Un 20 reduced to a single stranded form by any of a number of 
rl well known techniques such as heating or adding a strong 

-Q base. The nucleic acid strand 10 is reacted with both a 

+= nucleic acid probe 11 having a label 12, and a 

biotinylated nucleic acid probe 13* These reactions 
25 will be carried out in solution and preferably with an 

excess of labeled nucleic acid probe 11. 

Also provided are microparticles 14 coated with avidin. 
The microparticles may be made from a variety of 
30 materials including glass, nylon, polymethacrylate, 
other polymeric material, or biological cells. Such 
microparticles may be readily obtained from a variety of 
sources including, for instance, Polysciences Inc., 
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Pennsylvania. An avldln coating may be readily prepared 
by physical adsorption or direct chemical Beans such as 
coupling via the N-hydroxysuccinimide active ester 
(Manning et al., Biochemistry 16:1364-1370, 1977) in the 
5 case of glass, or a carbodilmlde coupling in the case of 
nylon (Jasiewlcz et al., Exp. Cell Res. 100:213-217, 
1976). 

If it is desired to avoid the use of avidin-biotin 
10 coupling mechanisms with microparticles, one may instead 
employ nitrocellulose microparticles, as opposed to 
Ranki's nitrocellulose sheets, to obtain direct chemical 
bonding of single stranded nucleic acid to the solid 
phase. Although the mechanism of attachment Is as yet 
15 unknown, it has been learned that after attachment of 
the nucleic acid, remaining attachment sites must be 
blocked by reaction with additional DNA such as salmon 
testes DNA prior to utilization of the thusly prepared 
solid phase surface. 

20 

The mixture of nucleic acid having biotinylated probe 
hybridized therewith with the avidin coated 
microparticles or beads will, due to the strong 
avidin-biotin attraction, result in the immobilization 
25 of the nucleic acid hybrid pair. The nucleic acid may 
then be separated from the unbound materials by 
centrifugation, filtration, or washing steps such as 
those that may be employed with heterogeneous 
immunoassay techniques. ^ { 

30 

The label will preferably be selected in order to be 
optically detectable with readily available instruments 
for yielding acceptable sensitivities. Such labels will 
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include, for instance, fluorophores, i.e. those that 
fluoresce under suitable excitation wavelengths, 
chemiluminescent labels which luminesce under 
appropriate chemical conditions, or any of the enzyme 
associated labeling mechanisms whereby a detectable 
product is produced by the action of an enzyme label 
upon a substrate. Such a product may, for example, be 
selected so as to be readily detected cjplorlmetrically. 
Although less preferred, the label may instead be a 
radioisotope. Typically, however, isotopic labels are 
less preferable as they require special handling due to 
significant health risks associated with such labels, 
exhibit finite shelf-life, and require expensive 
equipment such as scintillation or gamma counters. 
Still other types of labels are contemplated and would 
include for instance, materials possessing detectable 
electromagnetic properties. 

In addition to the microparticles described above, it is 
also contemplated that the methods provided herein may 
be employed with other types of solid phase surfaces 
including, for instance, the walls of a microtiter tray, 
paddles, or other macroscopic surfaces such as disks or 
tapes. Such disks or tapes may have the avidin coatings 
arranged thereon in a pattern. Such patterns are 
useful, for example, in the class of instruments 
employing synchronous detection. 

Various well known techniques are available for coupling 
labels with nucleic acid probes. One such technique is 
described by Langer et al. in Proc. Natl. Acad. Sci. 
78:6b33-6637, 1981. 
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A preferred order of reaction employing avidin and 
biotin to couple label 12 to probe 11 would involve the 
following steps. First, biotinylated probe 11 is 
reacted with nucleic acid strand 10 followed by reaction 
of avidin coupled label 12 with biotinylated probe 11 to 
form a first mixture. Separately, avidin coated 
microparticles 14 are reacted with biotinylated probe 13 
to form a second mixture. The first and second mixtures 
are reacted to permit formation of complexes as depicted 
in FIG. 1. These immobilized complexes are then 
separated and either the label associated therewith or 
the free label remaining in the solution measured. An 
example of a nonpreferred order of reaction would permit 
binding of a biotinylated probe 11 with an avidin coated 
microparticle 14. 

The order of reaction between the single stranded 
nucleic acid, the biotinylated nucleic acid probe (not 
employing avidin-biotin), the labeled nucleic acid 
probe, and the avidin coated solid phase support may be 
varied in order to suit the needs of the investigator. 
For Instance, it may be found desirable to react the 
biotinylated nucleic acid probe with the avidin coated 
solid phase surface prior to adding the nucleic acid 
strand. The nucleic acid strand may be either 
previously reacted with the labeled nucleic acid probe 
or subsequently reacted therewith. A nonpreferred order 
of reaction would permit binding of a biotinylated probe 
11 with an avidin coated microparticle 14. 

In another embodiment, it is contemplated that one may 
wlsn to provide microparticles coated with biotinylated 
nucleic acid probe segments useful for any assay. These 
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microparticles could then be customized for any given 
assay by reacting a longer nucleic acid probe, or 
linking probe, with the biotinylated probe so that the 
section of the linking probe that is homologous to the 

5 biotinylated probe forms a double stranded nucleic acid 

section. The remaining portion of the linking probe 
would preferably be homologous to the gene being sought 
in the nucleic acid under analysis. Preparation of the 
solid phase portion in this manner, particularly with 

10 respect to microparticles, would allow manufacturing to 
occur on a large scale and would supply essential 
components useful for any nucleic acid assay. 

Employment of microparticles is greatly preferred since 
15 it is to be expected that there may be significant 
variation of immobilized probe 13 present on 
microparticles 14, however, if a large quantity of 
microparticles 14 are prepared and randomly divided 
among a number of assay tests, then the variation in 
20 total probe 13 from test to test will be reduced in 

proportion to the reciprocal of the square root of the 
number of particles used per test. 

The skilled investigator will readily appreciate that 
25 separation of unbound nucleic acid strands in those 
embodiments employing solid phase surfaces such as 
microtiter well walls, or macroscopic surfaces and the 
like, will be readily accomplished by gentle washing 
steps. 

30 

Nucleic acid probes such as those contemplated in the 
present invention, may be readily obtained from a 
variety of sources including Enzo-Biochem, New York, NY. 
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Zt will be readily understood by those skilled in the 
art that nunerous alterations of the above nay be had 
without departing from either the spirit or the scope of 
the present invention. 
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CLAIMS 



1. A method for detecting the presence of nucleic acid 
containing a gene or base sequence of interest 
5 comprising: 

a) providing the nucleic acid to be tested in a 
single strand form; 

10 D > contacting a biotinylated nucleic acid probe 

specific for a first gene or base sequence of 
said nucleic acid with an avidln coated solid 
phase support; 

3-5 c > reacting said nucleic acid with an excess of 

labeled nucleic acid probe specific for a 
second gene or base sequence of said nucleic 
acid and permitting any hybridization of said 
labeled probe and said nucleic acid to occur; 



20 



25 



30 



d) reacting said nucleic acid with said 
biotinylated nucleic acid probe and permitting 
any hybridization of said biotinylated probe 
and said nucleic acid to occur; 

e) separating said unbound nucleic acid from said 
bound nucleic acid; and 

f ) detecting the label associated with said bound 
nucleic acid or the decrease in the amount of 
label in solution for determining the presence 
of nucleic acid containing the gene or base 
sequence of interest. 
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2. The method as provided in Claim 1 wherein the 
order of reaction is as provided in Claim 1. 

3. A method for detecting the presence of nucleic 
acid containing a gene or base sequence of interest 
comprising: 

a) providing the nucleic acid to be tested 
in °. single stranded form; 

b) further providing an avidih coated solid 
phase support which has been reacted with 
a first biotinylated nucleic acid probe 
to form a first solid phase species; 

c) contacting said first solid phase species 
with a nucleic acid probe linking means 
having a first portion which is reactive 
with at least some part of said first 
biotinylated nucleic acid probe and a 
second portion reactive with a first gene 
or base sequence of said nucleic acid and 
permitting any hybridization to occur to 
form a first mixture; 

d) reacting said nucleic acid with an excess 
of labeled nucleic acid probe specific for 
a second gene or base sequence of said 
nucleic acid and permitting any hybridi- 
zation of said labeled probe and said 
nucleic acid to occur to form a second 
mixture; 

e) reacting said first mixture with said second 
mixture ; 

f) separating solid phase immobilized nucleic 
acid from unbound nucleic acid; and 

g) detecting the label associated with said 
immobilized nucleic acid portion for 
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determining the presence of nucleic acid 
containing the gene or base sequence of 
interest. 

4. The method as provided in Claim 3 wherein the 
5 order of reaction is as set forth in Claim 3. 

5. The method of any one of Claims 1 to 4 wherein 
the solid phase is selected from the group con- 
sisting of microparticles and macroscopic surfaces. 

6. The method as provided in Claim 5 wherein the 
10 solid phase comprises microparticles. 

7. The method as provided in Claim 5 wherein the 
solid phase comprises macroscopic surfaces. 

8. The method as provided in Claim 7 wherein said 
biotinylated label is immobilized on said macro- 

15 scopic surface in a specific spatial pattern. 

9. The method of any one of Claims 1 to 8 wherein 
the detecting step comprises detecting fluorescence. 

10. The method of any one of Claims 1 to 8 wherein 

the detecting step comprises detecting chemiluminescence. 
20 11. The method of any one of Claims 1 to 8 wherein 

the detecting step comprises detecting an i so topic 
label. 

12. The method of any one of Claims 1 to 8 wherein 
the detecting step comprises detecting products of 

25 enzymatic labels. 

13. The method of any one of Claims 1 to 8 wherein 
the detecting step comprises detecting light scatter. 

14. The method of any one of Claims 1 to 4 wherein 
the detecting step comprises detecting by 

30 colorimetry. 

15. The method of any one of Claims 1 to 14 wherein 
the providing step further comprises splitting 
double stranded nucleic acid into single stranded 
nucleic acid if said nucleic acid is deoxyribose 

35 nucleic acid. 
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16. A method for detecting the presence of nucleic 
acid containing a gene or base sequence of interest 

comprising: 

a) providing the nucleic acid to be tested 
in a single strand form; 

b) attaching a nucleic acid probe specific 
for a gene or base sequence of said nucleic 
acid to a nitrocellulose microparticle; 

c) reacting said nucleic acid with an excess 
of labeled nucleic acid probe specific for 
a first gene or base sequence of said 
nucleic acid and permitting any hybridization 
of Baid labeled probe and said nucleic 

acid to occur; 

d) reacting said nucleic acid with said 
nitrocellulose attached nucleic acid probe 
and permitting any hybridization to occur; 

e) separating said unbound nucleic acid from 
said bound nucleic acid. 

f ) detecting the label associated with said 
bound nucleic acid or the decrease in the 
amount of label in solution for determining 
the presence of nucleic acid containing the 
gene or base sequence of interest. 
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The rapid identification of mycobacterial DNA fn clinical samples by PCR can be useful in the diagnosis of 
tuberculous infections, but several large studies have found that the sensitivity ofthis approach is not better 
than that of culture. In order to improve the sensitivity of detection of mycobacterial DNA in clinical specimens 
from patients with paucibacillary forms of tuberculosis, we have developed a procedure permitting the specific 
capture of mycobacterial DNA in crude samples prior to amplification, thereby concentrating the target 
sequences and removing irrelevant DNA and other potential inhibitors of the amplification reaction (sequence 
capture-PCR). By using this approach to capture and amplify two different sequences specific for organisms 
or the Mycobacterium tuberculosis complex {IS6110 and the direct repeat region), it was possible to detect as 
little as one genome of mycobacterial DNA in samples containing up to 750 p.g of total DNA, representing a 
10- to 100-fold Increase in sensitivity compared with that obtained by purifying total DNA prior to amplifi- 
cation. Detection of the IS6U0 sequence in pleural fluid samples from patients with tuberculous pleurisy by 
sequence capture-PCR gave positive results in 13 of 17 cases, including 3 of 3 culture-positive samples and 10 
of 14 culture-negative samples. In contrast, when total DNA was purified from these samples by adsorption to 
a silica matrix prior to amplification, only the three culture-positive samples were positive by PCR. The 
sensitivity of detection of the direct repeat sequence in these samples by sequence capture-PCR was similar to 
that of IS67/0 and, in addition, permitted immediate typing of the strains from some patients. We conclude 
that sequence capture-PCR improves the sensitivity or detection or mycobacterial DNA in paucibacillary 
samples. This approach should be useful in detecting rare target sequences from organisms implicated in other 
pathologic processes. 



]L__ Tuberculosis remains a major worldwide health problem 
Nfrid, because of its protean manifestations, must be considered 
IS the differential diagnosis of numerous patients (2, 3, 15). 
QTnfortunately, the standard methods used in the diagnosis of 
s .tuberculosis have several important limitations. Microscopic 
^identification of acid-fast mycobacteria is insensitive and, when 
positive, does not permit identification of the species of myco- 
spacterium identified. Mycobacterial culture may require sev- 
eral weeks to obtain positive results and frequently gives neg- 
ative results for paucibacillary forms of tuberculosis. These 
limitations create a variety of problems in the clinical manage- 
ment of patients suspected of having tuberculosis and may lead 
to delays in initiating appropriate treatment and/or the use of 
invasive procedures to firmly establish or exclude this diagno- 
sis. 

In an effort to overcome these problems, a number of lab- 
oratories have evaluated the usefulness of the detection of 
mycobacterial DNA in clinical samples by techniques based on 
PCR in the diagnosis of tuberculosis. Several large studies have 
found that this approach can be used to rapidly diagnose tu- 
berculous infections with a sensitivity that is equivalent to or 
somewhat less than that of mycobacterial culture (7, 8, 12, 13, 
21, 25, 28). Unfortunately, most studies have found that not all 
samples which arc direct examination negative and culture 
positive are also positive by PCR and that only a minority of 
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culture-negative samples from patients ultimately shown to 
have tuberculosis are positive by this approach. Thus, in clin- 
ical situations in which improvements in diagnostic techniques 
are most needed (paucibacillary forms of tuberculosis), current 
PCR techniques have not been of considerable help. 

Two obstacles have limited the sensitivity ofthis approach in 
the diagnosis of tuberculosis. First, the presence of too much 
DNA can inhibit PCR, and many clinical specimens (blood, 
bronchoalveolar lavage fluids, pleural fluids, bone marrow as- 
pirates, tissue biopsies, etc.) contain large numbers of immune 
and inflammatory cells, a source of large amounts of DNA. 
Thus, it is necessary to dilute these samples (and consequently 
the mycobacterial DNA present) prior to amplification. Sec- 
ond, to obtain optimal sensitivity, it is necessary to eliminate 
inhibitors of the amplification reaction present in clinical 
samples. Unfortunately, the multistep processes required to 
obtain highly purified DNA are difficult to apply in routine 
practice. 

To overcome these problems, we have developed an ap- 
proach that permits the specific capture of mycobacterial DNA 
in crude samples containing large numbers of human cells, 
thereby permitting the removal of irrelevant DNA and poten- 
tial inhibitors present in the original sample prior to amplifi- 
cation. Using this technique, we have demonstrated that this 
enrichment leads to the anticipated increase in the sensitivity 
of detection of mycobacterial DNA in standard samples con- 
taining known amounts of mycobacterial DNA and in pauci- 
bacillary clinical samples from patienLs with tuberculous pleu- 
risy. 
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MATERIALS AND METHODS 

Materials, The oligonucleotides used for amplification of a 123-bp fragment of 
the ISA/ 10 insertion clement ( IS I and IS2) and the direct repeat ( DR ) region of 
M. tuberculosis (DRa nnd DRb) have been previously described (II. Ih. 2J). 
Oligonucleotides IS3 (13) and DRc (5'-CCCAAAACCC'CCAGAGGG) were 
used for the detection of amplification products by Southern blotting. Capture 
oligonucleotides lor the ISo//0 sequence were Cap- 1, S'-AAAAACGAACC 
GCTGATGACCAAACTC, and Cap-2. 5'-AAAAAGGAGGTGGCCATCGT 
GGAAG. These oligonucleotides are complementary to IS67/0 sequences 1)7 
bases upstream of thai recognized by IS I and 39 bases downstream of that 
recognized by 1S2 and therefore do not recognize products amplified by IS1 and 
1S2, The oligonucleotides were positioned lo hybridize with regions devoid of 
inverted repeat sequences identified by using the STEMLO program. Because 
the repetitive sequence in the DR region is only 36 bp long, the oligonucleotides 
used for the capture of DR sequences were identical to the oligonucleotides, 
DRa and DRb, used to amplify this region, except that S adenosine residues were 
added to the 5' ends. All oligonucleotides were synthesized by Genset (Paris. 
France). Capture oligonucleotides were synthesized with a biotinylaled 5-carbon 
spacer arm attached to the 5'-end and were purified by high-pressure liquid 
chromatography. In preliminary experiments evaluating the efficiency of capture 
of faiotinylated oligonucleotides by avidin-coupled magnetic beads, capture oli- 
gonucleotides were labelled at their 3' ends wilh |<i- i,: P|dCTP (Amersham. 
Sldugh, United Kingdom) by using terminal deoxytransferase (10). 

To evaluate the presence of inhibitory substances in amplification reactions, an 
internul standard in which the sequences recognized by IS) and IS2 were added 
to opposite ends of a 403-bp fragment of plasmid pGEM-3 and which generated 
a 443-bp fragment when amplified by primers IS1 and IS2 was constructed. Serial 
dilutions were tested, and the last dilution which gave consistently positive results 
when amplified in the presence of 0,5 u,g of highly purified human DNA (5 |il of 
a It)"" dilution) was used to verify that specimens could support amplification. 

DNA from M. tuberculosa H37Rv was purified and quantified by densitometry, 
and serial dilutions were prepared by using a solution containing 100 ng of 
human DNA (human placental DNA; Sigma. St. Louis, Mo.) per ml to produce 
standards containing 0.1 to 100 genomes per 5 u.1, assuming a molecular mass of 
2,5 x 10" Da for 1 mycobacterial genome (e.g., I genome = 3 to 4 fg). To 
evuluate techniques used for the extraction of mycobacterial DNA, M. tubercu- 
losis H37Rv was grown in suspension culture in 7H9 medium, organisms were 
quantified by limiting-dilution Culture, and aliquots containing <10 viable or- 
ganisms were added to tissues prior to DNA extraction. 

Pleural fluid samples. Samples of pleural fluid also submitted for mycobacte- 
rial culture were obtained from 17 patients with tuberculous pleurisy evaluated 
at Hopital Tenon, Paris, France (age, 38.6 * 14 j years; 13 men and 4 women). 
For 1 1 patients, the diagnosis was established on the basis of positive culture(s) 
for M. lubeHuluiis of samples of sputum, pleural fluid, and/or pleural biopsies. 
For six patients, all mycobacterial cultures were negative and the diagnosis was 
based on the demonstration of Caseating granulomas in pleural biopsies. Cultures 
of pleural biopsies, performed on seven patients, were positive in four cases. 
None of the patients had a positive serologic test for human Immunodeficiency 
virus, and none had any other disease known to produce immunosuppression. 
The volume of pleural fluid obtained from these patients was 5 to l.UOU ml 
(average, 185 s 319 ml). Acid-fast staining and mycobacterial culture were 
performed as previously described (22), except that sputum samples were de- 
contaminated by treatment with 4% sodium hydroxide. 

To serve as controls, pleural fluid samples from 25 patients (age, 56.6 ± 15.4 
years; 21 men arid 4 women) without tuberculosis were also evaluated. The 
causes of pleural effusion in these patients were as follows: metastatic carcinoma 
(n - 13), mesothelioma (h = 2), parapneumonic pleural effusion (n - 8), and 
lymphoma (n = 2). The volume of pleural fluid obtained from these patients 
ranged from 8 to 1,000 ml (average, 132 - 253 ml), In seven cases, two different 
aliquots of pleural fluid were used as control samples. 

Solubilization uf samples. Pleural fluid samples were centrifuged (2,240 X g; 
30 min). Cell pellets or fragments of tissue biopsies were suspended in 500 n-1 of 
100 mM Tris-HCI containing 150 mM NaCl and 50 mM EDTA (pH 7.4), and 
transferred to 2-ml screw-eap tubes (Eppendorf, Freemont, Calif.) containing 0.5 
ml of 0.1-mm-diamcter glass microspheres (Biospec Products, Bartlcsville, 
Okla.) and 50 |il of 20 mg of proteinase K (Intcrchim, Mohilucon, France) per 
ml. Samples were agitated (Mini-Bead Beater; Biospec) for 50 s, allowed to digest 
overnight at 50°C (Thcrmomlxer; Eppendorf). and agitated aguin for 50 s, and 
the Supernatant (crude extract) was recovered by centrifugation. Preliminary 
experiments performed with samples containing small numbers of intact myco. 
bacteria demonstrated that this procedure was highly efficient in releasing my- 
cobacterial DNA. 

The DNA in crude extracts was measured by spectroHuorumetric assay, as 
previously described (5). An aliquot containing 5 u,g of DNa was removed, and 
DNA was purified by adsorption to a Silica mutrix (Gencclcan II; BIO 101, Inc.. 
La Jblla, Calif,) as previously described (4, 12), Purified DNA was eluied from 
the silica matrix into 30 u.1 of distilled water, and 10-u.l uliquots were used for 
amplification. 

Sequence capture. Crude extracts from tissues and cells (final volume. 0JS ml. 
containing up to 750 ug of total DNA) were transferred to 1.5-rnl Eppendorf 
tubes, heated at UXrC for 10 min, and cooled to 0"C on ice, and 0.2 ml of 3.75 
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FIG. 1. Schematic representation of sequence capturc-PCR. DNA is liber- 
ated from tissues or cells, producing a crude extract containing the specific target 
DNA sequence (hatched bar), human DNA (lines), and potential inhibitor; of 
the amplification reaction (stars). The target sequence is specifically captured by 
the sequential addition of biolinylated capture oligonucleotides and avidin-cou- 
pled mugnetic beads. The beads are added directly to the amplification reaction 
mixture. 



M NaCI-2.5 pmol each of biotinylaled capture oligonucleotides Cap- 1 and Cap-2 
was added (final volume, 0.75 ml in 1 M NaCl). Tubes were incubated with 
agitation (Thermomixcr) at 60°C for 3 h lo allow hybridization. Ten microliters 
of M-280 Strepiavidin Dynabeads (Dynal, Oslo, Norway), washed according to 
the manufacturer's instructions, was added, and the incubation was continued Tor 
2 h at 20°C. Magnetic beads were captured (Dynal magnetic-particle concentra- 
tor), washed twice with 10 mM Tris-HO-O.I mM EDTA (pH 8), and rcsus- 
pended in water. Two aliquots, each containing 5 (J of beads in 10 u.1 of water, 
were used for amplification. Capture of the DR region was performed by anal- 
ogous techniques, except that the Cap-DRa and Cap-DRb oligonucleotides were 
used and hybridization performed at 42°C. The procedure is summarized in Fig. 
1. 

Amplification nnd detection or mycobacterial DNA. Samples for amplification 
(see above) were suspended in a final volume of 45 |J containing 10 mM 
Tris-HCI (pH 8.3); 50 mM KCI; 1 5 mM MgCI 2 ; 100 u.g of gelatin per ml; 0.2 mM 
(each) dATP, dGTrV dCTP. and dUTP; 12.5 pmol of each oligonucleotide 
primer; and 1 U of uracil-rV-glycolasc (Gibeo 8RL, Gaithersburg, Md.). Samples 
were incubated at 37°C for 10 min. heated lo 95"C for 10 min, and cooled to B0"C 
In a thermal cycler (Perkin-Elmer, Norwalk, Conn,). Five microliters of a solu- 
tion containing 1 U of Taq DNA polymerase (Appligene, Illkirch. France) was 
added by using a positive-displacement pipette prior to amplification. For am- 
plification of the IS67/0 insertion clement (oligonucleotides ISI and IS2), the 
cycling parameters were K5t for 40 s, 65°C for 40 s, and 72°C for 15 s lor 50 
cycles. For amplification of the DR region (oligonucleotides DRa and DRb). 2.0 
mM MgCl 2 was used; the cycling parameters were 95'C for 40 s, 55"C for 41) s, 
and 72 5 C for 15 s for 50 cycles. Amplification products were electrophoresed 
onto agarose gels and transferred to nylon membranes, membranes were hybrid- 
ized with 32 P-labelled oligonucleotides, and positive signals were detected by 
autoradiography as previously described (23). 

Mycobacterial typing. To type mycobacterial DNA amplified in clinical spec- 
imens, the spacer oligotyping method described by Kamerfceek et al. (16) was 
Used. Briefly, a 5-u.l aliquot of amplification products from positive reactions, 
were reumplificd for 25 cycles by using the DR primer set in which the DRa 
oligonucleotide was hiotinylated at the 5' extremity, Aliquots of the amplified 
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products were hybridized (fKrC 60 min) in a reverse line blotting assay ( 17) by 
using a membrane to which synthetic oligonucleotides complementary to each of 
the 43 different spacers present in the DR cluster of M- (ubercuhfii H37Rv 
and/or Mycobacterium bom BCC had been covolently linked. Membranes were 
washed at WC to remote unbound amplification products and incubated with 
horseradish pcrojfidase-labcllcd streptavidin (Boehringer, Mannheim, Cerma- 
ny), and positive hybridization was revealed by reaction with ECL detection 
reagents and by exposure of ECL hyperfilm (Amcrsham, Hertogenbosch, The 
Netherlands). 

Interpretation of results. In experiment!, evaluating clinical samples, each 
sample of pleural fluid from a patient with tuberculosis was processed in parallel 
with four control samples during all steps of the procedure (solubilization of 
DNA, purification of DN/\ by sequence capture and adsorption to silica matrix, 
and amplification). Two types of control specimens, spleen fragments from 
Wistar rats and pleural fluid samples from patients without tuberculosis, were 
used. Two identical aliquots of ONA purified by sequence capture or silica 
matrix adsorption from the same sample were amplified in all cases. Samples 
were considered positive if one or both of the reactions ga«e a positive signal on 
autoradiography. Statistical comparisons were made by using the x 1 test. 

RESULTS 

Optimization of PCR. To minimize false-positive results due 
to carryover of amplified products from prior reactions, all 
PCRs were performed with dUTP instead of dTTp, and new 
reaction mixtures were pretreated with uracil-/V-glycosylase 
prior to amplification (19). After optimization of reaction con- 
ditions, positive results were obtained for amplification of the 
_\S6ll0 fragment in 55 of 60 samples containing one genome of 
UDNA from M. tuberculosis in 500 ng of human DNA (final 
nVolume, SO u.1), 28 of 60 samples containing as little as 0.1 
fygenome, and 0 of 60 samples without mycobacterial DNA. This 
! "sensitivity is similar to that we obtained by amplifying this 
Sequence with dTTP (23) and approaches the maximal theo- 
lyretical sensitivity of the test. (Assuming that M. tuberculosis 
CH37Rv contains 15 copies of the \S6110 sequence and that 
rfPNA was fragmented during purification such that each se- 
quence was on a separate fragment, 78 of 100 samples con- 
taining 0.1 genomes would contain an amplifiable target.) As 
2 previously reported (18), optimal sensitivity was strictly depen- 
dent on the total amount of DNA present. When one genome 
yaf mycobacterial DNA was added to <1 |*g of human DNA, 10 
-df 10 amplifications were positive, but 3 of 10 and 0 of 5 
Reactions were positive when the same amount of mycobacte- 
rial DNA was amplified in the presence of 2 and 5 u.g of human 
g§?NA, respectively. 

j= Development of techniques for sequence capture-PCR. Be- 
cause the presence of excess human DNA impairs the sensi- 
tivity of detection of mycobacterial DNA, we developed an 
approach to selectively purify mycobacterial DNA prior to 
amplification. Commonly, biotinylated oligonucleotides are at- 
tached to avidin-coated beads and subsequently incubated with 
denatured DNA containing sequences to be captured (direct 
capture). Positive results can be obtained by this approach 
for samples containing large amounts of mycobacterial DNA 
(a 100 genomes). We found, however, that direct capture rare- 
ly gave positive results for samples containing 10 or fewer 
mycobacterial genomes (data not shown), and this technique 
was abandoned in favor of the two-step capture procedure 
depicted in Fig. 1. 

To ensure that all captured sequences are present in the 
amplification reaction mixture, it is desirable to directly add 
magnetic beads containing the captured sequences to the PCR 
reaction mixture. The addition of up to 5 u.1 of magnetic beads 
had no deleterious effect on the amplification of mycobacterial 
DNA, although larger amounts of beads had progressively 
prominent inhibitory effects. Thus, capture was performed with 
10 uJ of beads; beads were subsequently divided into two equal 
aliquots (5 u.1 each) prior to amplification. This amount of 
magnetic beads could completely bind up to 5 pmol of each 
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FIG. 1. Binding of capture oligonucleotides by nvidin-couplcd magnetic 
beads. Biotinylated capture oligonucleotides were labelled with "P at their 3' 
ends by using lerminul transferase, and tracer amounts of radiolabeled oligo- 
nucleotide were incubated with 10 u.1 of avidin-coupled magnetic bends for 2 h 
at 20°C in the absence (None) or presence of the indicated amounts of each 
unlabellcd capture oligonucleotide, Cap- 1 and Cap-2 (solid symbols; n = 4) or 
Cap-DRa and Cap-DRb (open symbols; 11 = 3). Data are the means * standard 
deviations of the maximum percentage of oligonucleotide bound, which repre- 
sented >85% of total radioactivity. 



capture oligonucleotide, but the binding of larger amounts of 
oligonucleotides was incomplete (Fig. 2). The efficiencies of 
capture of small amounts of mycobacterial DNA (slO ge- 
nomes) by using 1 and 2.S pmol each of the two biotinylated 
capture oligonucleotides were compared and found to be 
equivalent (data not shown). These results indicate that the use 
of 2.5 pmol of each oligonucleotide was sufficient to ensure 
that the concentration of capture oligonucleotides was not a 
limiting factor in the efficient capture of mycobacterial DNA. 

Numerous other factors affecting the efficiency of sequence 
capture (e.g., solubilization of DNA, composition of the hy- 
bridization solution, and times and temperatures during hy- 
bridization and binding of oligonucleotides to beads) were also 
evaluated. To test the overall sensitivity of the conditions de- 
fined in these studies, fragments of animal tissues or human 
immune and inflammatory cells obtained by centrifugation of 
pleural fluid samples were digested by the established protocol 
and small amounts of mycobacterial DNA were added to some 
samples prior to performing capture and subsequent amplifi- 
cation of the IS67/0 sequence. In these studies, 4 of 4samples 
containing 100 mycobacterial genomes, 27 of 29 samples con- 
taining 10 mycobacterial genomes, and 8 of 13 samples con- 
taining 1 mycobacterial genome gave positive results, whereas 
none of the samples containing no added mycobacterial DNA 
was positive (Table 1), The positive samples used in these 
studies contained up to 750 u,g of DNA. Thus, it was possible 
to detect mycobacterial DNA in samples containing as little as 
0.001 mycobacterial genome per u,g of total DNA, represent- 
ing a 10- to 100-fold increase in sensitivity over that obtained 
by amplifying samples without prior enrichment of mycobac- 
terial DNA. 

Detection of mycobacterial DNA In pleural fluid samples 
from patients with tuberculous pleurisy. To determine wheth- 
er the improved sensitivity of the sequence capture technique 
would improve the detection of mycobacterial DNA in clinical 
samples, it was important to use specimens containing only 
small numbers of mycobacteria. Pleural fluid samples from 
patients with tuberculous pleurisy were chosen for this pur- 
pose. Compatible with the results for prior series (6, 9), my- 
cobacteria were not observed in pleural fluid samples from 
patients with tuberculous pleurisy by acid-fast staining and only 
3 of 17 of these samples were positive by culture (Table 2). For 
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TABLE 1. Comparison of the sensitivities of sequence capture- 
PCR in detecting two different mycobacterial sequences. 
1S67/0 and the DR region- 



Type of sample 



No. of samples 
positivc/no. tested 

IS6U0 DR region 



Animal tissues or human cells with purified 
mycobacterial DNA added" 

100 genomes 4/4 Nf_y- 

5-10 genomes 27/20 25/26 

1-2 genomes 8/13 2/6 

Pleural fluids from patients with 1 1/15 10/15 
tuberculosis'' 

Control tissues 0/34 0/25 

" P > 0.3 for all comparisons between IS/S//0 and the DR region by Fisher's 
exact test. 
* The total DNA was ^750 y.g. 
*' ND, not done. 

'' Only samples for which Sequence capture-PCR using both systems was per- 
formed. 



the detection of mycobacterial DNA by PCR, fluid samples 
obtained by thoracentesis were centrifuged and DNA was ex- 
tracted from the cell pellet by mechanical disruption and pro- 
teolytic digestion. DNA was purified from an aliquot of the 
sample by adsorption to a silica matrix, and the remainder of 
the DNA, up to a limit of 750 u.g (total), was used for sequence 
capture (375 ± 278 u,g per sample; n = 17). 

When total DNA purified by adsorption to a silica matrix 
was used for amplification of the IS6110 sequence by the IS1 
and IS2 primer pair, only 3 of the 16 samples evaluated were 
positive; the positive samples corresponded to those that were 
also positive by culture. To ensure that negative samples could 
support amplification, an internal standard that generates a 
443-bp product when amplified by the IS1 and IS2 oligonucle- 
otides was added to an identical aliquot of each sample prior to 
amplification. The presence of an amplification product of the 
expected size was observed in 16 of 16 samples, indicating thai 
the presence of inhibitory substances could not explain the 
negative results obtained with these samples. 

In contrast, when DNA was enriched for mycobacterial 
DNA by the sequence capture technique prior to amplification 
of the IS6110 sequence, positive results were obtained for 13 of 
17 samples from patients with tuberculous pleurisy, including 
the 3 samples that were positive by culture and 10 of the 14 
samples that were culture negative (/> < 0.01; comparing re- 
sults for DNA purified by sequence capture and adsorption to 
silica). It is noteworthy that for six of these patients, mycobac- 
teria were never isolated by culture from any specimen sub- 
mitted. For three of these culture-negative patients, pleural 
fluid samples gave positive results by sequence capture-PCR; 
these findings represented the only direct evidence for the 
presence of M. tuberculosis in specimens from these patients. 

For each sample from a patient with tuberculosis, three or 
four control samples were processed in parallel during all steps 
of the procedure (solubilization of samples, purification of 
mycobacterial DNA by sequence capture, and amplification). 
Two fragments of a rat spleen were evaluated to ensure that 
reagents were not contaminated with mycobacterial DNA and 
that no transfer of mycobacterial DNA occurred during pro- 
cessing. In addition, one (n = 2) or two (n ~ 15) samples of 
pleural fluid from patients without tuberculosis were tested to 
evaluate the possibility that mycobacterial DNA could be re- 
covered from individuals without active tuberculosis. None of 



these control samples gave positive results (0 of 34 animal 
tissue and 0 of 32 nontuberculous pleural fluid samples). 

Amplification of the OR sequence from the M. tuberculosis 
complex by sequence capture-PCR. Sequences present in mul- 
tiple copies in the M. tuberculosis genome are particularly at- 
tractive targets for sequence capture. Although most strains of 
M. tuberculosis contain multiple copies of 1S67/0, some strains 
have few copies; in certain geographical areas, strains not con- 
taining IS6//0 are prevalent (27). Therefore, we also devel- 
oped a sequence capture technique that targets an alternative 
mycobacterial sequence, the DR sequence. This sequence, 
which is also specific for the M. tuberculosis complex, is present 
as multiple highly conserved tandem repeats of 36 bp, each 
separated by a 35- to 4) -bp spacer sequence (14). Unlike the 
DRs, each of these spacers has a unique sequence. Oligonu- 
cleotides DRa and DRb, which amplify fragments of variable 
lengths between two different DR sequences (including the 
intervening spacer and DR sequences), were used to amplify 
this region (16). 

When samples containing known amounts of purified myco- 
bacterial DNA in 500 ng of human DNa were amplified, 
positive results were obtained for 11 of 11 samples containing 
2 to 10 mycobacterial genomes, 17 of 28 samples containing I 
genome, and 0 of 9 samples containing 0. 1 genome. The lower- 
level sensitivity of the DR system compared with that of the 
IS6JW system for the detection of purified mycobacterial 
DNA is expected. Unlike the IS6110 sequence, which is dis- 
persed in multiple copies throughout the mycobacterial ge- 
nome of the mycobacterial strain used as a standard in these 
studies, the repeated DR sequences are present at a single 
locus and therefore are likely to be present on a single DNA 
fragment. Thus, at limiting dilutions (si genome per sample), 
individual aliquots are less likely to contain fragments with the 
DR sequence than fragments containing the IS6770 sequence. 

When the sequence capture-PCR protocol was used, how- 
ever, marked differences in sensitivity between the DR and 



TABLE 2. Comparison of the detection of mycobacteria in clinical 
samples by standard bacteriological techniques and 
amplification of mycobacterial DNA 



No. of positive 
sputum samples/ 
Patients" no - test * d 



Result with pleural fluid* 



Bacteriology 



Amplification of 
{$6110 





Acid-fast 
stain 


Culture 


Acid-fast _ ,. 
. . Culture 
stain 


Silica 
adsorption 


Sequence 
capture 


1 


0/3 


3/3 


- + 


+ ' 


+ 


2 


0/3 


0/3 


- + 


+ 


+ 


3 ■ 


0/2 


0/2 


+ 


+ 


+ 


4 


0/3 


1/3 






+ 


5 


0/3 


2/3 






+ 


6* 


0/3 


0/3 






+ 


7 


3/3 


3/3 






+ 


St 


0/3 


0/3 






4- 


9 


0/3 


1/3 






+ 


10 


3/3 


3/3 






+ 


tit 


0/3 


0/3 






+ 


12 


0/3 


1/3 






+ 


13 


0/3 


3/3 




ND 


+ 


14* 


0/3 


0/3 








I5t ■ 


0/3 


0/3 








16$ 


0/3 


0/3 








17* 


0/3 


0/3 









" t, patient for whom culture of pleural biopsy was positive: t, patient for 
whom all cultures submitted were negative for mycobacteria. 
' +. positive result: -, negative result; ND. not done. 
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FIG .3. Typing of mycobacterial Strains by spoligotyping after sequence capture-PCR. Sequence caplurc-PCR tar K <i|ing (he DR region was performed as outlined 
.«F» I on , pleura Hu.d sample, from patients with tuberculous pleurisy. f or sample f rom individuals for which L M^M^^^^S 

were" then Mrl'f^TJ!^ T $ "* ? Ra , D * b P'™" P"" ^ Which lhU DR " ^^"uc.ankle was bTotinylatLl Th amp flK pmdu K 

H3?R» andA^K* BcS h^dt Wh,Ch , Sy ? h f " C t ° '&° n f l '»'' d " <^Plemcntary ,o each of the 43 different spacers present in the DR cluster of K tuberculosis 
° * be=n «? ate " , .'y '«*;<»■ a " d P 081 "" 1 hybndKBtion reactions were identified by detecting ,he presence of biotinylated amplification 

T,Tn 2 for fo r f h fiv ^ m ( B - h " n 8"Mam,heim) Spacer oligonucleotide, are displayed i n numerical order from left to right on .he" membrane sCwn 
Note .h frh, nth 1 ~ f P *" e,, f (Pa " entS L' 5 / S ' ? d 10) f °' " hWl thc s P°"*»yping P«">*l from two independent reactions (, and b) were identical. 

Note that thc profiles are unique for each patient and distinct from those obtained with DNAs from M. tuberculosis H37Rv (T) and M. bovls BCC (B). 



IS61W systems were not observed. First, sequence capture- 
PCR targeting the DR sequence was performed on samples 
containing small amounts of mycobacterial DNA added to 
_ crude extracts of animal tissues or human immune and inflam- 
Umatory cells containing up to 750 u,g of human DNA. Positive 
mresults were obtained for 25 of 26 samples containing 10 my- 
cobacterial genomes and 2 of 6 samples containing 1 mycobac- 
terial genome, results not significantly different from those 
^obtained by using the IS67/0 system (Table 1). Similarly, crude 
Ujextracts of DNA recovered from pleural fluid samples of pa- 
yments with tuberculous pleurisy, available from 15 patients 
evaluated by using the IS6/70 system, were also tested by the 
lipR sequence capture technique. Positive results were ob- 
tained for 10 of 15 specimens, including all three samples that 
s were culture positive. For 12 samples, the results were concor- 
pdant between the two systems, although 2 samples positive by 
yjising the IS61W system were negative by using the DR system 
rJknd 1 sample positive by using the DR.system was negative by 
Uiising the IS6110 system. 

UU Typing of mycobacterial strains after sequence capture- 
yjPCR. Although all strains of M. tuberculosis contain the DR 
piequence, the spacer sequences present are different for dif- 
ferent strains. Kamerbeek et al. (16) have used this observation 
to develop a technique to type mycobacterial strains on the 
basis of the hybridization of amplification products of the DR 
region to a panel of synthetic oligonucleotides specifically rec- 
ognizing different spacer sequences (spoligotyping). To deter- 
mine whether the amplification products obtained from the 
pleural fluid samples of patients with tuberculous pleurisy were 
adequate to permit rapid typing, this approach was applied to 
these samples. 

It has previously been shown that when extremely small 
amounts of mycobacterial DNA are used, amplification of only 
a portion of the DR region may occur, producing incomplete 
spoligotyping profiles. Although this is not a problem when 
DNA is extracted from cultured mycobacteria, it is a potential 
problem when spoligotyping is applied to mycobacterial DNA 
obtained from paucibacillary clinical samples such as those 
studied here. To guard against this possibility, typing was re- 
stricted to samples for which positive results were obtained for 
both of the independent amplification reactions and for which 
the spoligotyping profiles were identical for two independent 
reactions. These criteria were met for 5 of the 10 pleural fluid 
samples that were positive for mycobacterial DNA after am- 
plification of the DR region, and thc spoligotyping profiles are 



shown in Fig. 3. In each case, the profiles were distinct and 
different from that of M. tuberculosis H37Rv, the strain used as 
a positive control in these experiments. Thus, none of the 
patients was infected with the same mycobacterial strain, and 
in no case could positive results be explained by the inadver- 
tent contamination of the sample with DNA from another 
patient or the control strain. 

DISCUSSION 

In this study, we have developed a new PCR-based strategy, 
sequence capture-PCR, that permits the rapid enrichment of 
mycobacterial DNA present in crude extracts of clinical sam- 
ples prior to amplification and thereby results in a substantial 
increase in sensitivity of detection of mycobacterial DNA in 
these specimens. By using samples containing known amounts 
of DNA, this approach was shown to be 10 to 100 times more 
sensitive than are procedures in which total DNA is extracted 
prior to amplification. Furthermore, this improved sensitivity 
was shown to result in a much higher proportion of positive 
results when clinical samples from patients with tuberculous 
pleurisy were tested; only sequence capture-PCR permitted 
the detection and typing of mycobacteria in a majority of cul- 
ture-negative specimens from patients with tuberculosis. 

The specific capture of nucleic acids by immobilized oligo- 
nucleotides has numerous applications in molecular biology 
but has not. found wide application in diagnostic tests. Muir et 
al. (20) used oligonucleotides coupled to magnetic beads to 
capture enteroviral RNA prior to reverse transcription-PCR. 
They found that although this method was simpler to perform, 
the sensitivity was similar to that obtained by traditional ex- 
traction techniques. We found, however, that when oligonu- 
cleotides recognizing mycobacterial DNA were directly cou- 
pled to beads (direct capture), the efficiency of capture of 
mycobacterial DNA was much less than that when the bioti- 
nylated oligonucleotides were hybridized to mycobacterial 
DNA in solution and subsequently bound to avidin-coated 
beads (two-step capture). The reasons that direct capture was 
less efficient were not studied, but it_ may result from poor 
diffusion of the immobilized oligonucleotides and/or steric in- 
terference by the large beads. In practice, two-step capture was 
no more difficult to perform; the only disadvantage is the risk 
that endogenous biotin could impair efficient binding of bioti- 
nylated oligonucleotides. Endogenous biotin was not found in 
clinical specimens of lungs, lymph nodes, pleural fluids, or 
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peripheral blood leukocytes. When present (e.g., biopsies of 
livers and kidneys), it could be removed by pretreating samples 
with avidin-Sepharose prior to capture (unpublished data). 

Our study confirms prior reports (18) that ihe sensitivity of 
detection of rare target sequences by PCR is highly dependent 
on the amount of total DNA in the sample; the sensitivity of 
detection of mycobacterial DNA was clearly lower in samples 
containing more than 1 to 2 u.g of total DNA in a lQO-u.1 
reaction mixture. Because many clinical samples, such as the 
pleural fluid samples studied here, contain several milligrams 
of DNA, only a small fraction of the sample can be used when 
total DNA is studied. In contrast, sequence capture-PCR elim- 
inates essentially all cellular DNA, thereby permitting the anal- 
ysis of all or the majority of the sample in a single reaction. We 
have demonstrated [hat mycobacterial DNA can be detected in 
a variety of clinical samples, including samples containing large 
amounts of DNA (e.g., sputum, tissue biopsies, and peripheral 
blood cells). In addition, sequence capture eliminates potential 
inhibitory substances present in crude samples. For example, 
we found that mycobacterial DNA present in tissues contain- 
ing large amounts of hemoglobin or those extracted with 1% 
sodium dodecyl sulfate, both strong inhibitors of Taq polymer- 
ase, could be successfully amplified after sequence capture. 

An important finding in the present study was the observa- 
tion that sequence capture-PCR permitted the detection of 
mycobacterial DNA in the majority of culture-negative pleural 
fluid samples from patients with tuberculosis. Prior studies 
have reported detecting mycobacterial DNA in culture-nega- 
tive specimens from patients with tuberculosis (7, 11-13, 19, 
22, 24), indicating that nonviable organisms can be present in 
these samples because of the mycobactericidal action of in- 
flammatory cells or loss of viability attendant with sample 
processing. Nevertheless, in previous studies by us and other 
groups in which total DNA was amplified, only occasional 
culture-negative samples gave reproducibly positive results. In 
contrast, sequence capture-PCR gave positive results for 10 of 
14 culture-negative samples. For three of the patients studied 
here, the detection of mycobacterial DNA by sequence eap- 
ture-PCR was the only direct evidence for the presence of M. 
tuberculosis in these patients, as multiple sputum, pleural fluid, 
and pleural biopsy cultures were negative. 

Systems permitting the amplification of two different myco- 
bacterial sequences, IS6110 and the DR region, were devel- 
oped in these studies. Both were shown to be highly efficient in 
detecting DNA from as few as 10 mycobacteria in 750 u.g of 
total DNA, and the sensitivities of these two systems for the 
detection of mycobacterial DNA in tuberculous effusions were 
not different. These results suggest that sequence capture-PCR 
can be applied to a variety of different target sequences. Fur- 
ther studies will be needed to rigorously compare the sensitiv- 
ities of the two systems described here in clinical practice, but 
two potential advantages of the DR system merit mention. 
First, the DR sequence is always present in organisms of the M. 
tuberculosis complex in multiple copies; strains not containing 
this sequence have not been identified. In contrast, the IS6/70 
sequence is present in only one or two copies in many M. 
tuberculosis strains and strains lacking IS6//0 have been re- 
ported (1, 26, 27). Second, as confirmed in this study, ampli- 
fication products generated by amplifying the DR region can 
be used to type the mycobacterial strain detected, thereby 
permitting rapid identification of community outbreaks or nos- 
ocomial infection. Current work in our laboratory is directed at 
automating the sequence capture-PCR procedure, thereby 
permitting routine clinical use of this highly sensitive approach. 



J. Clin. Microbiol. 



ACKNOWLEDGMENTS 

These studies were supported in part by grants from the Caixsc Nation- 
ale de I" Assurance Maludic des Travailleurs Salaries (CNaMTS) and the 
Fondation pour la Recherche Medicale. 

We thank Anndics Bunschoten tor excellent technical assistance 
and Veroniquc Vincent-Levy-Frebault for providing the standard my- 
cobacterial DNA. 

REFERENCES 

1. Allond, D., C. E. Kalkut, A. R. Moss, R. A. McAtlam, J. A. Huhn, W. 
Bosworth, E. Drucktr, and D. R. Bloom. 1994. Transmission of tuberculosis 
in New York City. An analysis by DNA fingerprinting and conventional 
epidemiologic methods. N. Engl. i. Med. 330:1710-1716. 

2. Uurncs, P. F., A. 0. Dloch, P. T. Davidson, and D. E. Snider, Jr. (991. 
Tuberculosis in patients with human immunodeficiency virus infection. N. 
Engl. J. Med. 324:1644-1650. 

3. Blown, B. R., and C, J, L, Murray. 1992. Tuberculosis: commentary on a 
reemergenl killer. Science 257:1055-1064. 

4. Buck, C. &, L. C. O'Hara, and J, T. Summcrsglll. 1991 Rapid, simple 
method for treating clinical specimens containing Mycobacterium tuberculosis 
to remove DNA for polymerase chain reaction. J. Clin. Microbiol. 30:1331- 
1334. 

5. Ccsarone, C. F,, C. Uolognesl. and L. Saiiti. 1979. Improved micrufluoru- 
metric DNA determination in biological material using 33258 Hoechsi. Anal. 
Biochem. 100:188-197. 

6. Chan, C. H. S.. M. Arnold, C. Y. Chan, T. W. L. Mak, and C. B. Hoheliel. 
1991. Clinical and pathological features of tuberculous pleural effusion and 
its long-term consequences. Respiration 58:171-175. 

7. Chin, D. P., D. M. Yajko, W. K. Hadley, C. A. Sanders, P. S. Nassos, J. J. 
MadeJ, and P. C, Hopewell. 1995. Clinical utility of a commercial test based 
on the polymerase chain reaction for detecting Mycobacterium tuberculosis in 
respiratory specimens. Am. J. Respir. Cril. Care Med. 151:1872-1877. 

8. Clarrldge, J. E., Ill, R. M. Shawar, T. M. Shlnniek, and B. B. Pllkaylis. 1993. 
Large-scale use of polymerase chain reaction for detection of Mycobacterium 
tuberculosis in a routine rnyeobacleriology laboratory, J. Clin. Microbiol. 31: 
2049-2056. 

9. de Lmscncc, A., D. Ucossler, C. Pierre, J. Cadranel, M. Stern, and A. J. 
Hance. 1992, Detection of mycobacterial DNA in pleural fluid from patients 
with tuberculous pleurisy by means of the polymerase chain reaction: com- 
parison of two protocols. Thorax 47:265-269. 

10. Deng, C, R., and R. Wu. 1983. Terminal transferase: use in the tailing of 
DNA and for in vitro mutagenesis. Mdthods Enzymol, 100:96-1 16. 

11. Eisenach, K. 0., M. D. Cave, J. H. Bates, and J. T. Crawford. 1990. Poly- 
merase chain reaction amplification Of u repetitive DNA sequence specific 
for Mycobacterium tuberculosis. 1. Infect. Dis. 161:977-981, 

12. Eisenach, K. D., M. D. Slfford, M. U. Cave, J. H. Bales, and J. T. Crawford. 
1991. Detection of Mycobacterium tuberculosis in sputum samples using a 
polymerase chain reaction. Am. Rev. ReSpir. Dis. 144:1160-1163. 

13. Forbes, B. A., and K. E. S. Hicks. 1993, Direct detection of Mycobacterium 
tuberculosis In respiratory specimens In a clinical laboratory by polymerase 
chain reaction. J. Clin, Microbiol. 31:1638-1694. 

14. Hermans, P. W. M-, D. van Soollngen, E. M. Btk, P. E. W. de Haas, J, W. 
Dale, and J. D. A. van Embdcn. 1991. The insertion element IS9S7 from 
Mycobacterium bovls BCO is located in a hot-spot integration region for 
Insertion elements In Mycobacterium tuberculosis complex strains. Infect. 
Immurt. 59:2695-2705. 

15. Hopewell, P. C. 1992. Impact of human immunodeficiency virus infection on 
the epidemiology, clinical features, management, and control of tuberculosis. 
Clin. Infect. Dis. 15:540-547. 

If). Kamcrbeek, J., L. Schouls, M. Agterveld, D. van Soolingen, A. Kplk, S. 
Kuijpcr, A. Bunschoten,' R. Shaw, M. Goya I, and J. van Embden. Rapid 
detection and simultaneous strain differentiation of Mycobacterium tuber- 
culosis for diagnosis and tuberculosis control. Submitted for publication. 

17. Kaufhold, A., A. Podbidski, G. Baumgarten, M, Blokpocl, J, Top, and L 
Schouls. 1994. Rapid typing of group A streptococci by the use of DNA 
amplification and non-radioactive allele-specific oligonucleotide probes. 
FEMS Microbiol. Lett. 119:19-26. 
,|8, Kramer, M. F., and D. M. Coen. 1994. The polymerase chain reaction. 
15.1.1-15.1.9. In F. M. Ausubel, R. Brent, R. E. Kingston, et al, (cd.). 
Current protocols in molecular biology. Wiley-Intcrscience. New York. 

19. Longo, M. C, M. S. Bemlnger, and J. L. Hartley. 1990. Use of uracil DNA 
glycosylase to control carry-over contamination in polymerase chain reac- 
tions. Gene 93:125-128. 

20. Mulr, P., F. Nicholson, M. Jhetam, S. Neogi, and J. E. Banatvala. 1993. 
Rapid diagnosis of enterovirus infection by magnetic bead extraction and 
polymerase chain reaction detection of enterovirus RNA in clinical speci- 
mens. J, Clin. Microbiol, 31:31-38. 

21. Nolle, F. S„ B. Melehock, J. E. McCowan, Jr., A. Edwards, O. Okwamauua, 
C Thurmond, P. S. Mitchell, 0. Plikaytis, and T. Shinnick. 1993. Direct 
detection of Mycobacterium tuberculosis in sputum by polymerase chain re- 
action and DNA hybridijation. J. Clin. Microbiol. 31:1777-1782. 



6302717054 UYSIS INC. 



253 P10 RPR 17 '97 13 



Vol. 34. I Wo 



22. Pierre, C H D. Lecussicr, Y. Uoussougant, D. Bocatl, V. July, p. Yenl, and A. J. 
Huncc. ItWI. Use of a rcamplirication protocol improves sensitivity of de- 
lection of Myxvbnitriuin tuberculosis in clinical samples hy amplification of 
DNA. J. Clin. Microbiol. 2¥;7I2-7I7. 

2.1. Pierre, C, C. Olivier. D. L*enssicr, V. Houssuugant, P. Yenl, and A. J. Hance. 
1*3. Diagnosis of primary tuberculosis in children by amplification and 
detection of mycobacterial DNA. Am. Rev. Respir, Dis. U7:42lJ-424. 

24. Senl^rr, N. W„ R. Condos, S. Lewis, and W. N. Horn. 1994. Amplil|c;uion 
of DNA of Mycobacterium tuburculusls from peripheral blood of patients 
with pulmonary tuberculosis. Lancet 344:232-233. 

25. Schlugcr, N. W., and W. N. Rom, I W5. The polymerase chain reaction in the 



SEQUENCE CAPTURE-PCR 1215 



diagnosis and evaluation of pulmonary infections. Am. J. Respir. Cril Care 
Med. 152:11-10. 

2f>. Small, P. M., P. C. Hopewell, S. P. Singh. A. Paz, J. Parsoanrt, 0. C. Ruston. 
G. Schmer, C. L. Daley, and G. K. Sehuolnik. IW4. The epidemiology or 
tuberculosis in San Francisco. A populaiiort-based study using conventional 
und nuilceulur methods. N. Engl. J. Mud, 330:1703-170". 

27. Yuen, L. K. W„ U. C. Ross, K. M. Jackson, and II. Dwyer. mi. Character- 
ization of Mycvhucterium tuberculosis strains from Vietnamese patients by 
Southern blot hybridization. J. Clin. Microbiol. 31:1615-1618. 

2H. Yule, A. 1<W4. Amplification-based diagnostics target TB. Bio/Technology 
12:1335-1337. 



6302717054 UYSIS INC. 



253 Pll 



RPR 17 '97 13:44 



Clinical Microbiology Reviews, Apr. 1997. p. 242-256 
0893-8512/97/S04.0O+O 

Copyright © 1997, American Society for Microbiology 



Vol. 10. No. 2 



Relevance of Nucleic Acid Amplification Techniques for 
Diagnosis of Respiratory Tract Infections 
in the Clinical Laboratory 

MARGARETA lEVEN" and HERMAN GOOSSENS 
Department of Microbiology, University Hospital, Antwerp, Belgium 

INTRODUCTION „,„ _ M2 

MOLECULAR DIAGNOSTIC TECHNIQUES FOR ACUTE RESPIRATORY T^^ 'i^cilWsZ"..2M 

Viruses 244 

Bacteria „ ....ans 

Bordetella pertussis 24S 

Legionella Species... , 4 24S 

Coxiella burnetii ^ ^ 245 

Chlamydia species , „, 245 

Mycoplasma pneumoniae ; _ _ 246 

Mycobacterium tuberculosis <mi _ _ 246 

(J) Technical aspects „ 247 

(ii) Results on sputum specimens with in-house PCR tests 247 

(iii) Results on sputum specimens with commercially available amplification tests 248 

(iv) Specimens other than sputum , .249 

(v) Critique of published studies ,„. t _ 249 

(vi) Conclusions concerning amplification techniques for diagnostic purposes 249 

(vii) Amplification techniques for M. tuberculosis drug susceptibility tests 250 

Fungi ; -2S0 

Pneumocystis carinii , , . 2S0 

CONCLUSION "... 2S0 

REFERENCES Z.ll.l"™"ZZZZZ""251 



^ INTRODUCTION 

rppuring the last 5 to 7 years, the - advantages of diagnostic 
rrjojecular techniques have been so widely publicized chat in- 
creasing pressure has been placed on clinical microbiology 
laboratories to apply them for the detection of a wide variety of 
irjfjctious agents, especially since test kits for some applica- 
tions are being made commercially available. In this paper, we 
review the efficiency and practicability of nucleic acid amplifi- 
cation techniques for the diagnosis of respiratory tract infec- 
tions. 

Before introducing molecular techniques in the diagnostic 
laboratory, several strategic questions must be addressed: 
which organisms should be targeted; which clinical specimens 
should be tested; and do these molecular tests fulfill the re- 
quired criteria of high sensitivity and specificity, speed, sim- 
plicity, and clinical relevance? In general, molecular diagnostic 
techniques arc indicated (i) for the detection of organisms that 
cannot be grown in vitro or for which current culture tech- 
niques are too insensitive, or (ii) for the detection of organisms 
requiring complex media or cell cultures and/or prolonged 
incubation times. For respiratory infections, the following or- 
ganisms meet the criteria described above: rhinoviruses, com- 
naviruses, hantaviruses, Bordetella pertussis. Legionella species, 
Coxiellu burnetii, Chlamydia trachomatis. Clilamydia psittaci, 
Chlamydia pneumoniae. Mycoplasma pneumoniae, Mycobacte- 
rium tuberculosis, fungi, and Pneumocystis carinii. 
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This review concentrates on those respiratory agents for 
which considerable numbers of clinical specimens have been 
examined. Studies concerning the development of tests for the 
corresponding pathogens are not considered. Respiratory dis- 
ease due to cytomegalovirus is not discussed because it does 
not result from an airborne infection but most frequently from 
a reactivation of a latent infection in relation to an immuno- 
suppressive state, in which the interpretation of the virological 
investigations poses particular problems. 

The basic principle of any molecular diagnostic test is the 
detection of a specific nucleic acid sequence by hybridization to 
a complementary sequence, a probe, followed by detection of 
the hybrid (21). However, the sensitivity of nucleic acid probe 
tests that do not involve amplification is lower than that of 
classical diagnostic tests (19]). This lack of sensitivity applies 
to the detection of respiratory pathogens including rhinovi- 
ruses (3, 16), M. pneumoniae (71. 102. 103, 176), C. pneu- 
moniae (19), and M. tuberculosis (150). The main use of the 
nonamplification probe procedure is in the identification 
rather than the detection of microorganisms (32, 45). 

Thereupon, techniques have been developed to amplify the 
target nucleic acid or the probe. Any stretch of nucleic acid can 
be copied by using DNA polymerase, provided that some se- 
quence data are known to allow the design of appropriate 
primers. DNA replication was made possible in 1V58, when 
Kornbcrg discovered the DNA polymerase (106). For many 
years, one of the main applications of this discovery was in the 
DNA-sequencing procedure of Sanger el ul. (166). In l l >86, 
Mullis ct al. (1,32) introduced a reiterative process, PGR, which 
leads to an exponential increase in the production of the nu- 
cleic acid. In view of the immense number of possible appli- 
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cations in the most diverse fields, commercial interest was 
immediately awakened. Alternative nucleic acid amplification 
techniques were developed and patented, using different en- 
zymes and strategies, but they are all based on reiterative 
reactions (29, 60, 110, 115, 216). 

Nucleic acid amplification techniques can be classified by 
several criteria. Conceptually, [here are those in which the 
target nucleic acid is amplified and those in which the probe is 
multiplied (21, 215); from a practical point of view, there are 
the in-house-dcveloped applications and the commercially 
available tests. Target nucleic acid amplification techniques 
include PCR, the strand displacement amplification, and the 
isothermal RNA self-sustaining sequence replication reaction, 
from which the commercialized nucleic acid sequence-based 
amplification (NASBA) and the transcription-mediated ampli- 
fication (TMA) are derived. The ligase chain reaction (LCR), 
in the so-called gapped LCR format, is a combination of target 
and probe amplification. The Qp replicase amplification 
(QPRA) involves probe amplification only. 

PCR (132) consists of a number of temperature cycles, each 
cycle consisting of two or three temperature steps: denatur- 
ation to ensure the separation of the target DNA duplexes, 
annealing to allow added synthetic oligonucleotide primers to 
hybridize to the DNA target, and extension to allow the added 
DNA polymerase to synthesize complementary DNA strands. 
InGsbme protocols, annealing and extension occur at the same 
temperature. After a series of these temperature cycles, the 
sp^ific PCR product or amplicon, consisting of the two prim- 
erlTsridged by the intervening nucleotide sequence, accumu- 
late! Modifications of the basic procedure are nested PCR 
(113), multiplex PCR (25), and reverse transcriptase (RT) 
P©R (149). 

gt. a nested PCR (149), a second round of amplification is 
pepf>rmed, using the amplicon of the first round as a target 
an'^4 pair of primers complementary to sequences within this 
amplicon, the amplicon of the second reaction being shorter 
th@that of the first. The advantage of nested PCR is increased 
sen&tivity, but this is achieved at the cost of a high risk of 
crasji-contamination, since the tubes containing amplicons 
haVerto be opened after the first stage to add new reagents for 
thdigecond stage. It also increases the specificity of the reac- 
tionjsince the internal primers anneal only if the amplicon has 
the.=eorresponding, expected, sequence. 

IF a multiplex PCR (25) several independent amplifications 
are carried out simultaneously in one tube with a mixture of 
primers. However, since the annealing temperatures for the 
respective primer pairs arc not necessarily identical, problems 
of specificity of the individual reactions may result. 

In an RT-PCR (149), an RNA target, usually viral RNA, is 
first transcribed into complementary DNA, enabling the PCR 
to proceed. 

The TMA and NASBA (29. 60) amplify RNA via the simul- 
taneous action of three enzymes: an RT (which also has poly- 
merase activity), an RNase, and an RNA polymerase. The 
synthesis of cDNA is primed by specially designed oligonucle- 
otide primers, one end of which is a targci-specific sequence, 
while the other end contains a promoter for the RNA poly- 
merase. The RT synthesizes an RNA-DNA hybrid, the RNase 
digests the RNA component, and the RT synthesizes doublc- 
Slrandcd DNA; finally, the RNA polymerase produces numer- 
ous RNA copies. 

In the LCR (21ft), alter heal dcnaturation of the double- 
stranded DNA, two pairs of primers anneal lo each strand of 
the target, A DNa ligase joins the .primers, and the ligation 
product is released by heating ;ind serves as template for new 
ligations. In the gapped LCR ( 1 10). a gap of I to 3 buses is Id'l 



between the primers and is filled in by the action of added 
DNA polymerase, before the primers are covalently linked by 
a ligase. In subsequent cycles, the ligated primers act as targets 
for further annealing and ligation. 

In the Q(3RA (1 15). a specifically synthesized RNA probe is 
used. It contains a sequence specific for a target, either DNA 
or RNA, a sequence to enable the capture of the probe-tem- 
plate hybrids, and a sequence recognized by the 0(3 replicase 
enzyme to start replication. After annealing of the probe to the 
target, the hybrids are captured, and the probe is removed 
enzymatically and amplified by the Qf3 replicase. This tech- 
nique is still largely in the developmental stage, the main dif- 
ficulty being the separation of nonhybridized from hybridized 
probe before amplification. 

Each of the amplification techniques is composed of three 
parts; sample preparation, amplification, and product detec- 
tion. The sample preparation step involves primarily the liber- 
ation and concentration of the target nucleic acid and the 
elimination of amplification inhibitors. A great diversity of 
sample preparation procedures has been described, particu- 
larly for PCR. Inhibitors occur frequently and may be difficult 
to eliminate: heme compounds (79) and polysaccharides in 
sputum (109), as well as some reagents (67) and components of 
swabs (207). 

The amplification step should aim at maximum sensitivity 
and specificity through judicious choice of the primers and 
optimal temperatures when thcrmocyling is involved, offer 
maximum protection against contamination, and include 
proper positive and negative controls, The purpose of the 
positive control is to monitor the amplification process, partic- 
ularly to detect inhibitors of the reaction. Concomitant ampli- 
fication of human (3-giobin has been used frequently for this 
purpose. At the same time, it determines the presence of host 
cell material, which is particularly useful after elaborate sam- 
ple preparation procedures. However, it requires the introduc- 
tion of specific primers into the reaction, resulting in a multi- 
plex PCR. To avoid this problem, a PCR for the globin is 
sometimes performed in a separate tube, but the optimal cy- 
cling temperatures for this internal control may differ from 
those required for the principal reaction. Therefore, specific, 
positive internal controls are preferred. These are modified 
amplicons that have been made shorter or longer and are 
added to each reaction tube. Their ends are identical to those 
of the target, and therefore they are amplified by the same 
reagents as the real target, but they are easily differentiated 
from it by being shorter or longer (6, 38, 44, 64, 96, 105, 137, 
148, 151, 167, 188, 197. 198). By adding specific positive inter- 
nal controls to the samples at the very start of the process, the 
efficacy of the sample preparation procedure can be assessed. 
Moreover, the addition of specific internal controls avoids the 
use of reference organisms or their nucleic acid as positive, 
external controls, thus eliminating an important possible 
source of contamination. The addition of a limited amount of 
internal control should not significantly reduce the sensitivity 
of the procedure, and it offers greater advantages than disad- 
vantages (198). Internal controls allow also the quantitation of 
the reaction (96). 

Negative controls are target-free samples, usually distilled 
water, which are subjected to the same manipulations as the 
test samples. Their purpose is to detect contaminations be- 
tween reaction rubes. Indeed, after numerous exponential nu- 
cleic acid amplifications, there are ample sources of cross- 
contamination in the laboratory. The greater the number of 
manipulations, the greater the risk of cross-contamination 
among (he specimens, especially if multiple eentrifugalions arc 
required. Appropriate measures should be taken to avoid eon- 
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TABLE 1. Diagnostic methods for respiratory viruses 



Eiiologic agent 



Rapid conventional 
methods available 



PCR 



Relevant Rcfcrcncc(s) 



Adenoviruses 


+ 


No 




Influenza viruses 


+ 


No 


27 


Parainfluenza viruses 


+ 


No 




RSV 


+ 


No 


146 


Herpes simplex virus 




No 




Rhinovi ruses 




Yes 


7, 69, 89, 91 


Coronavi ruses 




Yes 


133 


Enteroviruses 




Yes 


91 



lamination. These measures include the use of three different 
rooms with restricted access for each of the reaction steps, the 
use of appropriate pipette tips, and cleaning of the area by UV 
irradiation, or the use in the PCR of dUTP instead of dTTP, 
allowing disintegration of unwanted, possibly contaminating, 
amplicons by uracil-jV'-glycosylase (177). 

Because of the exquisite sensitivity of nucleic acid amplifi- 
cation tests, there should be a constant awareness of the pos- 
sibility of false-positive results. These not only are due to 
cjess-contaminations in the laboratory but also may result 
fMn contaminations during sampling, particularly when or- 
ganisms, such as fungi or legionellas present in the environ- 
litignX, are studied. Samples from treated patients may remain 
positive for prolonged periods (39, 63, 75). For all these rea- 
sons, confirmation of the existence of some microorganisms in 
sQBclinical infections or a carrier state becomes difficult. 

Mn the PCR and the LCR, the amplicons can be detected by 
gH electrophoresis, followed or not by solid- or liquid-phase 
hybridization with a specific probe, by fluorescence (88), or by 
an" enzyme immunoassay (ELA) reaction. Hybridization can 
irkrease the sensitivity of the detection 10- or 100-fold. The 
ateplicons of NASBA and TMA are detected by hybridization 
cfcrpy a commercial luminescence reaction (41), and those of 
thjgQpRA can be detected by an incorporated fluorescent dye. 

fy^t present, PCR is undoubtedly the most widely used am- 
plication technique, probably because il was the first one 
described and was introduced rapidly in innumerable labora- 
tories for a wide variety of applications. Commercial formats of 
PCR (Roche), TMA (MTDT, GcnProbc), NASBA (Organon 
Teknika), and LCR (Abbott) have been developed, particu- 
larly for infectious agents for which large numbers of clinical 
specimens are tested: sexually transmitted agents (Neisseria 
gonoirhoeae, C. trachomatis, human immunodeficiency virus- 
es), hepatitis C virus, and M. tuberculosis. In these formats, the 
amplicon is detected either by a semiautomated ElA reaction 
(Roche) or by an electrochemilumincsccnce procedure or a 
hybridization reaction (Organon Teknika), or it is coupled to 
an existing acridinium ester luminescent nucleic acid probe 
technique (GenProbe) or a previously developed, automated 
ElA technique (Abbott). 

In-house tests are more versatile and can easily be applied to 
any target by switching to the appropriate primers and. if 
necessary, adapting the cycling temperatures accordingly. 

MOLECULAR DIAGNOSTIC TECHNIQUES FOR ACUTE 
RESPIRATORY TRACT INFECTIONS 

Viruses 

Tabic 1 illustrates the present situation lor the diagnosis of 
adenovirus, influenza virus, parainfluenza virus, and respira- 
tory syncytial virus (RSV) infections for which rapid conven- 



tional techniques are available: influenza virus and RSV can be 
detected in the clinical specimens by immunofluorescence and 
parainfluenza virus and adenovirus can be detected by immu- 
nofluorescence after incubation for 4S h in shell vial cultures 
(147). In these cases, nucleic acid amplification techniques 
have no added value in terms of sensitivity Or rapidity. In one 
study (27). comparing PCR with conventional techniques for 
the detection of influenza virus, the authors concluded that 
there are no arguments for the introduction of PCR for the 
diagnosis of influenza virus infection. In a study by Paton et al. 
(146), PCR for RSV had a sensitivity of 94.6% and a specificity 
of 97%; the molecular technique detected 1% of cases undi- 
agnosed by culture and EIA. Clearly, PCR does not represent 
significant improvement over existing methods for the detec- 
tion of these viruses. 

Rhinoviruses and coronaviruScS grow poorly in cell culture. 
In addition, rapid immunofluorescence and/or culture tech- 
niques are not available for the direct detection of these viruses 
in clinical specimens (7, 69). Typically, rhinoviruses are iso- 
lated in roller cultures, sometimes after several blind passages, 
followed by acid lability testing. More than 100 serotypes are 
known. PCR is much more sensitive than is culture (136): 
Ireland et al. (89) and Johnston et al. (91) detected five and 
three times as many rhinoviruses by PCR, respectively, com- 
pared with the best available cell culture techniques. In an- 
other study (59), significantly more multiple-virus infections by 
RSV, parainfluenza viruses, and rhinoviruses were detected by 
RT-PCR than by culture. However, some technical details 
must still be worked out. To detect the large number of rhi- 
novirus serotypes, regions within the conserved noncoding 5' 
untranslated region of the genome are. amplified (54), leading 
to cross-reactions with many enteroviruses. Several methods 
have been used to detect rhinoviruses specifically: a nested 
procedure, the use of primers spanning a region between the 5' 
untranslated region and the VP2/VP4 region, hybridization 
with specific probes (69), and differentiation on the basis of the 
size of the amplicons (89, 141, 196) or sequencing (131). Nev- 
ertheless, Johnston et al. (91) could identify only 8 of 30 pos- 
itive samples as rhinoviruses on the basis of either acid lability 
or the length of the amplicon, with 73% remaining "unclassi- 
fied picornaviruscs." Another problem emerging from studies 
on human rhinoviruses by PCR is whether healthy carriers 
exist: 12 and 4% of samples from asymptomatic children and 
adults, respectively, were positive for picornavinis by PCR 
(91). 

Clearly, there is still more to learn about the epidemiology of 
rhinoviruses, particularly in children, infants, and the elderly. 
Molecular diagnostic techniques offer the necessary tools. 

A PCR based on the genomic sequences of the two known 
human coronavirus strains, 229E and OC43, is available (133), 
and it is highly likely that more, as yet uncultivated, human 
coronaviruses remain to be detected. No extensive studies to 
define better the role of coronaviruses in respiratory infections 
have been undertaken. 

Hantavirus pulmonary syndrome, a rodent-borne infection, 
appeared in 1993 and 1994 in the New Mexico-Arizona-Colo- 
rado area. It is characterized by fever, myalgias, headache, and 
cough, followed rapidly by respiratory failure. Antibodies 
against heterologous hantavirus antigens were initially used to 
identify the causative agent, and then the hantavirus genome 
was delected by PCR in autopsy specimens (135). Specific 
genetic rectimbinant-dcrivcd proteins were prepared from vi- 
ral genomic sequences amplified from tissues obtained from 
patients who died of confirmed hantavirus illness ( I (IK). Since 
the vjrus has not yet been cultured. PCR with specific primers 
and serology are the only diagnostic possibilities. 
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Rapid diagnostic techniques for respiratory pathogens are 
not only important for clinical-epidemiological reasons but are 
also useful so that treatment can be appropriately initiated 
within the first 24 h or halted when the symptoms arc found to 
be caused by another microbial agent. 

Bacteria 

Bordetella pertussis. Despite the routine immunization of 
children, pertussis continues to be an important disease in 
infants and young children. During the last 2 years, there has 
been a resurgence of pertussis in the United States (24). Italy, 
the Russian Federation, and Sweden (165). In 1994, approxi- 
mately 3,500 to 4,000 cases were reported to the Centers for 
Disease Control and Prevention in the United States (24). 
These figures probably underestimate the true incidence of 
pertussis because of the difficulty in confirming the diagnosis 
(70, 182). The major reservoir for pertussis now appears to be 
previously vaccinated adolescents and adults with atypical and 
often unrecognized symptoms of pertussis. Making the clinical 
diagnosis of pertussis in this reservoir is more challenging 
because many of these patients do not have the classic cough- 
ing paroxysms or "whoops." 

JThe conventional laboratory diagnosis of pertussis has relied 
qnj culture, direct immunofluorescence, and serologic testing. 
Efch of these methods has problems with either sensitivity or 
specificity (47, 70, 182). Diagnosis by culture is specific but not 
\(e^y sensitive since most individuals are culture negative at the 
tlifne when clinical symptoms are apparent. Direct immunoflu- 
orescence is prone to a large number of false-positive results, 
aJRJ when used on a single specimen, serologic testing is often 
nonspecific. Follow-up confirmation with a second specimen 
\f3uld result in a 3- to 4-week delay in the diagnosis. These 
p'rdiblcms have led to an inability to confirm the diagnosis in 
many patients, and therefore nucleic acid amplification tech- 
nigues, in practice PCR, have been used (8, 40, 47, 68, 72, 73, 
Lg9, 170, 199). The presence of a repetitive gene element in B. 
pMussis increases the sensitivity of the PCR. The reaction 
alidws also a clear-cut distinction between the pathogenic B. 
pWussis and the usually nonpathogenic B. parapertussis (199). 

JAn unexpected origin of false-positive PCR results for B. 
pepussis was described by faranger et al. (187). Pharyngeal 
samples were obtained in a room that was grossly contami- 
nated with pertussis DNA because killed, whole-cell pertussis 
vaccine was administered in the same room. 

In a recent report (123), several aspects of PCR-based de- 
tection of B. penussis were discussed. The main conclusions, 
which we can support, were chat (i) there are no comparative 
studies between the different PCR procedures; (ii) although 
the PCR procedures used in different laboratories can detect 
80 to 100% of the culture-positive samples, the percentage of 
PCR-positive samples that were culture negative differed by 13 
to 88%; (iii) there is need for rigorous control of false-positive 
and false-negative results: (iv) questionable results must be 
confirmed by a second method; and (v) PCR-positive results 
are acceptable only for individuals with classical symptoms of 
pertussis. The clinical and epidemiological significance of a 
PCR-positive result in someone with mild or no symptoms 
should be interpreted with Caution, and, if possible, other 
markers, such as serologic tests or epidemiologic data should 
be used in addition. Finally, it is too early to recommend a 
standard PCR technique for the detection of B, pertussis in 
clinical specimens, because no comparative studies have been 
done. 

Legionella species. Legionellae are ubiquitously distributed 
in natural and man-made water systems (49. 200). Respiratory 



:iD AMPLIFICATION FOR RESPIRATORY INFECTION 245 

infections caused by Legionella spp. often occur in immunode- 
ficient persons. Cultures of bronchoalveolar lavage specimens 
take a minimum of 48 to 72 h to grow, and plates should be 
incubated for 7 days. Jaulhac et al. (90) applied PCR retro- 
spectively to frozen bronchoalveolar lavage specimens. They 
confirmed all culture-positive specimens and found additional 
specimens positive by PCR from patients whose clinical fea- 
tures were in accordance with legionellosis. Kessler et al. (98), 
in a prospective study combining a rapid DNA extraction pro- 
cedure with a commercial kit for the amplification and detec- 
tion of legionellae in environmental samples, detected the or- 
ganisms in all specimens later confirmed by culture. In another 
study (125). legionellae were detected by PCR but not by 
conventional culture. 

In an effort to detect Legionella infections by the examina- 
tion of specimens obtained by less invasive procedures, Mai- 
wald et al. (120) examined urine specimens from experimen- 
tally infected guinea pigs and patients by an EIA and by PCR. 
PCR was more sensitive than EIA in detecting legionellae, and 
two urine samples were intermittently positive, indicating that 
DNA is not continuously excreted. The advantage of PCR over 
EIA is that PCR is a genus-specific reaction whereas antigen 
detection must be performed with a variety of serogroup re- 
agents to cover the spectrum of possible causative species. The 
authors concluded that a more detailed prospective study of 
hospitalized patients with pneumonia is warranted. Their re- 
sults also illustrate the recurring problem of contamination 
associated with amplification techniques, since 3 of 30 control 
samples from patients with urinary tract infections were posi- 
tive, possibly as a result of contamination by hospital water. 

The need for nucleic acid amplification techniques for Le- 
gionella infections can be questioned in view of their relatively 
easy isolation from respiratory specimens within a moderate 
time span and the ability to prevent nosocomial legionellosis by 
control of legionellae in the hospital plumbing system (114). 
PCR may be more suitable for trie detection of legionellae in 
environmental specimens to avoid overgrowth by contaminat- 
ing organisms (1 19), 

Coxiella burnetii. C. burnetii is a fastidious intracellular bac- 
terium. Different strains show heterogeneity in their growth 
conditions, with some being very difficult to culture in vitro. 
The isolation of C. burnetii was greatly improved and facili- 
tated by application of the shell vial assay technique (159), 
which produced results within 6 days. A PCR for C. burnetii 
(181) has been shown to be very sensitive and specific and is 
able to produce results within 6 h. Ii can be applied to inocu- 
lated shell vials or directly to clinical specimens. For the lime 
being, this procedure will remain restricted to reference labo- 
ratories in countries or areas where the disease does occur, as 
illustrated recently by To et al. (194). 

Chlamydia species. Three Chlamydia species are responsible 
for human respiratory infections: C. psittaci and C. pneumoniae 
in adults and older children, and C. trachomatis in newborns, 
who are infected during delivery. 

The last organism has been implicated, by serology (2), in 3 
to 18% of all cases of infant pneumonitis. Although nucleic 
acid amplification techniques for the detection of C. tracho- 
matis in genitourinary specimens have been intensively studied, 
there are no such studies on respiratory specimens. It could 
well be that the techniques used for genitourinary specimens 
cannot be applied unchanged to respiratory specimens, partic- 
ularly the specimen preparation procedure (41). 

C. psittaci may he an important human pathogen in some 
areas and may he underdiagnosed on the basis of serologic 
testing alone. Since respiratory infections by ('. trachomatis 
and C. psilliiri occur sporadically, there has been less need or 
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opportunity for the application of amplification techniques for 
these infections. Several research groups have developed a 
two-step procedure for the successive detection of organisms 
belonging to this genus and their subsequent identification to 
the species level, by the amplification of a common genus- 
specific DNA sequence followed by digestion with restriction 
enzymes (80, 160, 210) or by a nested PCR (195). None of 
these procedures has been applied on a significant scale. 

The role of C. pneumoniae in disease was discovered rela- 
tively recently, but the insensitivity of cell culture techniques 
has hampered extensive clinical and epidemiological investiga- 
tions. In addition, serologic tests are labor-intensive, since they 
rely on microimmunofluorescence tests for detection of both 
immunoglobulin M (IgM) and IgG. Serologic investigations 
seem to indicate that the culture technique fails to detect many 
infections. However, taking into account the shortcomings of 
serologic testing, in terms of specificity and sensitivity (58), it 
can be surmised that the techniques available fail to diagnose 
C. pneumoniae infections to an unknown extent, although the 
organism does not seem to be a common cause of respiratory 
infection in children (65). Therefore, several PCR primer sets 
have been developed to detect either outer membrane or 16S 
rRNA coding genes (10, 19, 55, 58, 66, 143, 157, 160). 

One of the difficulties in evaluating nucleic acid amplifica- 
tion tests for the diagnosis of C. pneumoniae infections is the 
choice of the reference or "gold standard." Because culture is 
rfjf tively insensitive, many studies refer to serologic results, 
obMsidering the presence of IgM, a fourfold increase in anti- 
body titers during and after the acute disease episode, or an 
IgG titer of at least 512 to be significant. The presence of 
cfeical symptoms cannot be taken into account, since asymp- 
tomatic infections by C. pneumoniae have been documented by 
cogure and PCR (84). 

yh addition to this problem of the appropriate reference 
method to use for the detection of C. pneumoniae, inhibitors of 
PpR are common components of the specimens. Some solu- 
uaas have been proposed, including the use of samples such as 
g||gled water, throat swabs, or nasopharyngeal swabs instead 
oQasopharyngeal aspirates or sputum (157, 195), alternative 
sample treatment methods (62, H7), and introduction of a 
nesjed PCR (11). 

Tfi all studies in which they were compared, PCR.detected 10 
td=20% more cases than culture, but in turn serologic deter- 
mination detected 10 to 20% more cases than PCR. In one 
study (58), when compared with the combination of a positive 
culture and direct immunofluorescence test, the PCR had a 
sensitivity of 76.5% and a specificity of 99%; when compared 
with the combination of a positive PCR and direct immuno- 
fluorescence test, the sensitivity of culture was 87.5%. In the 
same study, only 8 acute-phase scrum specimens (23%) of the 
35 C. pneumoniae culture- or PCR-positive patients had a 
diagnostic antibody titer, as did 18-8% of those from 80 asymp- 
tomatic persons. Thorn et al. (192) diagnosed 21 cases by 
serologic testing among 743 middle-aged and older patients; 15 
of the patients were positive by PCR. Gaydos el al. (56) studied 
132 C. pneumoniae culture-negative BAL Specimens from 108 
immunocompromised patients. A total of 20 C. pneumoniae 
infections were diagnosed; 8 by PCR. 4 by PCR and serologic 
testing, and 8 by serologic testing alone. In [his study. PCR and 
serologic testing had a sensitivity and specificity of 33.3 and 
9] %. respectively, and both detected 60% of the eases. Thus, it 
seems that both conventional culture and PCR diagnose only a 
fraction of (he loml nunilx-r of eases mid that the diagnosis of 
individual infections by serology is by no means straightfor- 
ward, due to the occurrence of many falsc-nugaiivc and false- 
positive results. 
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Many aspects of the diagnosis of C. pneumoniae infections 
by amplification techniques remain to be explored. There is 
need for an internal control; for comparisons of different types 
of samples, sample preparation methods, and primers; and for 
several amplification techniques to be performed on the same 
specimens. 

Mycoplasma pneumoniae. M, pneumoniae grows slowly in 
vitro, requiring 2 to 4 weeks for colonies to appear. Therefore, 
research laboratories have identified several genomic se- 
quences suitable for amplification, including the PI gene (87), 
the 16S rRNA gene (201), and a species-specific protein gene 
(116). In clinical studies, the sensitivity and specificity of am- 
plifications based on these sequences were 90 to 94% and 97 to 
100%, respectively (34, 57, 86, 94, 112, 116, 122, 176, 178, 193, 
201). PCR also detected M. pneumoniae in specimens from 1 to 
3% of healthy subjects (116, 193) or convalescent patients, 
raising the possibility of a carrier state or persistence of the 
organism in the respiratory tree. In a recent study (86), 371 
nasopharyngeal aspirates from children with acute respiratory 
infections were examined for viruses by rapid conventional 
techniques and for the presence of M. pneumoniae by culture 
and several different PCR protocols in two laboratories. Each 
laboratory applied one sample preparation method: freezing- 
boiling or isothiocyanate treatment, followed by phenol-chlo- 
roform extraction. Prepared samples were exchanged between 
laboratories. In both laboratories, identical primers were used 
in the PCR directed against the Pi gene, while one laboratory 
also used primers against the 16S rRNA gene. A specific in- 
ternal control for the PI amplification was included (198). 
Samples were defined as positive if (i) culture was positive for 
M. pneumoniae, (ii) culture and PCR for the PI and/or the 16S 
rRNA genes were positive, or (iii) PCR was positive for both 
the PI and 16S genes after a particular extraction procedure. 
Samples positive by PCR for only one of the primer pairs were 
considered as contaminants, Compared with PCR, culture had 
a sensitivity of 61%. For the PCR, depending on the prepara- 
tion method used, sensitivity with the PI primers was 76.9 to 
92.3% on inspection of the electrophoresis gel and 92.3% after 
hybridization. The specificity was 100%. Depending on the 
sample preparation method, amplification of the J6S rRNA 
gene had a sensitivity of 53.8 to 84.6% on visual inspection of 
the electrophoresis gel and 69.2 to 92.3% after hybridization. 
The specificity was 100%. It was concluded that, provided a 
specific positive internal control is used, sample preparation by 
freezing-boiling combined with PCR for the PI gene and am- 
plicon detection by visual inspection of the electrophoresis gel 
could be recommended for clinical use, although the best re- 
sults were obtained by hybridization with a labeled probe. 
False-positive results occurred in 0 2% of the reactions. It 
remains to be seen whether the finding of Resnikov et al. (163) 
that throat swabs contain significantly fewer PCR inhibitors 
than do nasopharyngeal aspirates is confirmed and that the 
effect docs not simply result from dilution. 

In the same study by Ieven et al. (86), M. pneumoniae was 
found in 3.5% of the samples but significantly more often 
(6.9%) in those I'ronVchildren older than 2 years of age. M. 
pneumoniae was the third most common etiologic agent of 
Hcutc respiratory infections in children, after RSV and influ- 
enza virus. In lower respiratory infections, such as broncho- 
pneumonia and pneumonia. M. pneumoniae was found as fre- 
quently as RSV. PCR is unquestionably an important step 
forward for (he diagnosis of M. pneumoniae infections. 

Mycobacterium tuberculosis. Amplification techniques for the 
diagnosis of tuberculosis have attracted considerable interest, 
particularly with the hope of shortening the lime required to 
delect and identify M. tuberculosis in respiratory specimens 
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Nolte et al. (137) 
Shawarct al. (175) 
Yuen ct al. (218) 
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No. of specimens 



135 
103 
>5,000 
734 
78 
750 
323 
313 
384 
519 



Prevalence (%)" 

28 
47 
4.4 
11 
49 
21 
13 
40 
18 
8 



" Prevalence of positive specimens based on culture results. 

PPV, positive predictive value. 
c C. crude results; U, revised results after discrepancy analysis. 



Sensitivity (%) 



81.3 

98 

83.6 



78.2 

97 

91 

74 

96 



84.2 

86.1 
85.2 
87 
92.3 



8(1 



Specificity (%) 



94.2 

70 

98.7 



92 
100 
95 
85 



100 

100 
97.7 
96 

100 

97 
100 



PPV (%f 



81.3 

75 

94.2 



82 
100 

77 



84 

98.4 
83.3 
97 

100 

100 



such as sputum or BAL samples. It is in this field of clinical 
microbiology that most amplification procedures, developed 
both m-house and in commercialized formats, have been eval- 
uated. 

(I) Technical aspects. Many different DNA amplification 
targets have been proposed, such as genes encoding the 32- 
kBaf (179), the 38-kDa (129, 219), and the 65-kDa (145 152) 
aniens and the dnaJ (183, 184), groEl, and mtb-4 genes'(104, 
22SJ Some of these are genus or group specific, with species 
idemification requiring subsequent restriction enzyme treat- 
ment or hybridization. The target most frequently amplified is 
th^S986 or \S6U0 repetitive element (43, 77), which is 
present at 10 to 16 copies in most M. tuberculosis complex 
isojfes, thereby increasing the sensitivity of the amplification 
region. In comparative studies, tests with the IS6770 primers 
were generally more sensitive and more specific than those 
with IS956 (37, 76, 208). Recently, however, M. tuberculosis 
isolates without this insertion clement have been discovered in 
SojJEheasi Asia (33, 202, 219). 

gumerous techniques for sample preparation have been 
proposed, including boiling; freezing-boiling; shaking with 
g!as|beads (100); sonication (17); chloroform (213), protein- 
ase^ or "chelex" (36) treatments and combinations of these 
Iregrjnents; resin treatment (4); and more complex nucleic acid 
extraction methods (14). The commercial kits furnish their 
own sample treatment reagent. 

Some PCRs are performed with dUTP instead of dTTP, 
allowing decontamination with uracil-W'-glycosylase (217)' 
Both single and nested PCR formats (129. 152, 176, 213) have 
been applied, sometimes with the explicit purpose of overcom- 
ing PCR inhibitors. . v 

Internal controls have been used (6, 38, 44. 105, 137 139) 
However, they were only occasionally added to the" specimens 
before the DNA extraction procedure, as was done by Kolk et 
al. (105). By being present during the entire procedure an 
internal control not only detects inhibitors but also monitors 
the efficacy of the sample preparation method. Inhibitors have 
been detected in 3.7 to 16% of clinical samples (28 51 139) 
Curiously. Nolte et al. (137) detected inhibitors in 17% 'of 'the 
samples with p-globin primers but only in 10% with a specific 
internal control. r 

(ii) Results on sputum specimens with in -house PCR tests. 
Table 2 presents I he results <>r nine studies in which IS6//0 was 
used as the amplification target. Some of ihesc studies were 
done on a series of specimens with a high prevalence of posi- 
tive samples. || should be remembered that for .-, constant rate 
of lalxe-po.siiive tests, the positive predictive value of lest 



decreases drastically when the prevalence of infection is low, as 
is the ease in industrialized countries. In a population with a 
prevalence of <5% (in most Western European countries 
[139], the prevalence of positive samples is 3 to 4%) false- 
positive rates of 1 to 5% can lead to overdiagnosis of 50% or 
more of cases. 

In general, the authors of the studies present their results 
first as "crude results", i.e., as produced by the test and there- 
after as "revised results," i.e., after considering the discrepan- 
cies between the test results and the corresponding clinical 
information. Some authors include culture-negative, clinically 
diagnosed cases of tuberculosis among the "true-positives " 
sometimes even based on favorable response to anti-tubercu- 
losis treatment, and thereby increase the specificity and posi- 
tive predictive value of the test. None of them formulated a 
standard definition of a positive case except for Noordhoek et 
al. (139), who used the following definition of a true-positive 
specimen: (i) M. tuberculosis was cultured; or (ii) direct mi- 
croscopy and PCR were positive but culture was negative; or 
(m) direct microscopy and culture were negative but PCR was 
positive and other material from the patient was positive on 
culture or had been positive in the past. 

None of the published studies observed a statistically signif- 
icant difference between culture and the amplification tech- 
nique (99). However, sensitivity and specificity are calculated 
as a function of the culture technique, since this is the refer- 
ence method used in the absence of a better definition of a 
positive case of tuberculosis. In the studies, specificities vary 
between 85 and 100% but sensitivities are usually lower, be- 
tween 74 and 97%. In one study on over 5,000 specimens '(28) 
with a 4.4% prevalence of positive results, sensitivity, specific- 
ity, and positive predictive values were 84, 99, and 94%, re- 
spectively. By applying two primer systems in a multiplex PCR 
Beige et al. (9) attained a Sensitivity of 98% but a specificity of 
only 70%. 

However, the main criticism of the use of PCR for the 
diagnosis of tuberculosis is a result of the separate analyses of 
the sensitivities of smear-positive and smear-negative, culture- 
positive specimens in different studies (Table 3). The test sen- 
sitivity in smear-positive cases is 88 to 100% but drops to 
between 50 and 92% in smear-negative cases. 

One of the reasons for the lack of sensitivity may be the 
sample preparation method. Except for one study (139), all the 
procedures were applied (o homogenized and decontaminated 
•specimens as used for culture. Although this may seem appro- 
pnate when amplification techniques are compared with cul- 
ture, it is not logical and may not even be optimal. In all studies 
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TABLE 3. Results of PCR for M. tuberculosis for smear-positive 
and smear-negative specimens 



Study (reference) 


PCR sensitivity (%) in different studies 


Overall 


Smear and 
culture positive 


Smear negative, 
culture positive 


Abe et al. (1) 


84 


96 


50 


Clarridge ct al. (28) 


86 


94 


62 


Forbes and Hicks (51) 


85 


88 


71 


Miller et al. (126) 


92 


98 


78 


Nolle et al. (137) 


91 


95 


57 


Shawar et al. (175) 


74 


90 


53 


Yuen et al. (218) 


96 


100 


92 



of diagnostic amplification techniques for microorganisms 
other than M. tuberculosis, samples are divided before being 
allocated to the reference and amplification techniques and are 
thereafter prepared separately as required for each. If this 
were done for tuberculosis, half of the original specimen would 
be lysed and the nucleic acid target would be solubilized, con- 
centrated, and introduced into the amplification reaction, thus 
possibly maximizing the sensitivity. In the case of paucibacil- 
lary specimens, there is a delicate balance between amplifica- 
tioniprocedures and culture. Compared with the amplification 
pigedures, a significantly greater volume of specimen is in- 
troduced into the culture media, thus favoring the latter. How- 
evgrj, the decontamination procedures kill 70 to 90% of the 
viajbje bacilli in the inoculum (107, 217), favoring the alterna- 
tiv^approach. This aspect of sample preparation has been 
st^ed by Goessens et al. for the detection of C. trachomatis in 
genital specimens (63) and merits investigation for tubereulo- 
sisffi 

©ply Noordhoek et al. (139) divided the specimens into two 
portions, one for conventional detection methods and one for 
PCfg, directed at the 1&6110 element. Unfortunately, their 
analysis was done with a mixture of respiratory and nonrespi- 
ratory specimens, including pleural fluid, urine, and biopsy 
specimens. The sensitivity and specificity were 92.1 and 99.8%, 
respectively. PCR was negative for nine smear- and culture- 
posgjve samples. The corresponding isolates were tested and 
dicMdbntain the IS6110 fragment. The authors ascribe these 
faikpes to an unequal distribution of a small number of my- 
cobacteria present in the samples, since in each of these eases, 
only one or two of the three Loewenstein-Jcnsen culture tubes 
that were inoculated in parallel were positive. In this study, 
amplification of DNA extracted from half of the sputum spec- 
imen was not superior to culture of the other half. 
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In this connection, the sequence capture procedure recently 
described by Magiapan et al. (118) for pleural fluid specimens 
could be a significant advance. In this procedure, biotinylated 
oligonucleotides hybridize with mycobacterial DNA in the 
specimen and are subsequently bound to avidin-coated beads, 
which are introduced into the PCR mixture. Of 17 samples 13, 
including 3 of 3 culture-positive samples and 10 of 14 culture- 
negative samples, gave positive PCR results. Results of the 
application of this procedure to sputum specimens are eagerly 
awaited. The use of more appropriate primers could also en- 
hance the sensitivity of the reaction, since even for a particular 
DNA sequence, different primers may result in different test 
sensitivities (74, 220). 

Efforts to increase the sensitivity by performing a PCR on 25 
u.1 instead of 5 u.1 of specimen were hampered by an unaccept- 
able increase in the level of inhibitors (6). In contrast, by 
increasing the sample volume in the commercially available 
TMA (GenProbe MTDT) from 50 to 500 uJ, one group (13) 
increased the sensitivity from 71.4% (obtained in a previous 
study [12]) to 83.3% without a loss of specificity (13). 

The effectiveness of PCR for tuberculosis is related to the 
experience and accuracy of the personnel conducting the assay. 
This was illustrated by an external quality control study of 
seven laboratories which were tested with sputum samples 
spiked or not spiked with M. tuberculosis BCG (138). Each 
laboratory used its own protocol for specimen treatment and 
amplicon detection, but in each case the amplification target 
was 1S6110. In general, false-positive rates varied between 0 
and 20%, but the rate in one laboratory reached 77%; sensi- 
tivities varied between 2 and 90%. A second external quality 
control study of 30 laboratories, organized more recently by 
the same authors (140), showed no improvement: S6% of par- 
ticipants produced false-positive results in 5 to >50% of the 
samples. 

(iii) Results on sputum specimens with commercially avail- 
able amplification tests. The commercially available PCR 
(Amplicor; Roche) and TMA (Mycobacterium Tuberculosis 
Direct Test [MTDT]; GenProbe) test give results comparable 
to those obtained with in-house PCR tests (Tables 4 and 5). 
Sensitivities vary between 70 and 100%. The results of the 
MTDT for smear-positive and smear-negative specimens, re- 
spectively (Table 6), are comparable to those obtained by 
PCR. 

Schirm et al. (168) compared an in-house PCR and the 
commercial PCR (Amplicor) on 504 specimens. The sensitivity 
of the in-housc test, 92.6%, was superior to that of the Am- 
plicor system, 70.4%, although the specificity was identical for 
both. More samples were inhibitory in the commercial test 





TABLE 4. Evaluation 


of the commercially available PCR (Am 


plicor) for M. tuberculosis 




Study (reference) 


No. of 
specimens 


Prevalence 
(%)" 


Sensitivity (%) 


Specificity (%) 


PPV (%)" 


C 


R' 


C 


R 


C R 


Carpenticr ct al. (20) 


2,073 


9 


86 




98 




94.5 


D'Amato et al. (31) 


985 






66.7 




99.7 


91.7 


Gleason et al. (61) 


532 




95 




9fi 






Ichiyama el al. (85) 


422 


29 


97.8 




96 


98.7 




Moore and Curry (130) 


1,009 


16 


83 


87 


97 


1(10 




Schirm ci al. (168) 


504 




70.4 




98 






Vunrincn ct al. (205) 


256 




84.fi 


82.8 


99.1 


100 


100 


Wobescr et al. (214) 


1,480 


9.5 




79 




99 


93 



" Prevalence of positive specimen, 1 ! bused on culture results. 
'' PI* V, positive predictive value. 

' C, crude results; R. revised leSulb arici discrepancy analysis. 
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Study (reference) 



Abe et al. (1) 
Bodmer et al. (12) 
Ichiyama ct al. (85) 
Jonas ct al, (92) 
Miller et al. (126) 
Pfyffer et al. (154) 
Portaels et al. (156) 

Vlaspoldor et al. (203) 
Vuorinen et al. (205) 



NUCLEIC ACID AMPLIFICATION FOR RESPIRATORY INFECTION 
TABLE 5. Evaluation of MTDT for the detection of M. luberrulosis 



249 



No. of 
specimens 



Prevalence 
(%)' 



Sensitivity (%) 



135 

617 

422 

758 

750 

938 

497* 

418' 

412 

256 



28 
3 
29 
16 
19 
8 
4 
71 
14 
13 



90.6 
71.4 
100 
79.8 
83.9 
92.9 
86 
97 
96.7 
84.6 



91.9 



82.4 

91 

93.9 



98.4 
86.2 



* Prevalence of positive specimens based on culture result*. 
° PPV, positive predictive value. 

' C. crude results; R, revised results after discrepancy analysis. 
" Belgian population. 
' African population. 



Specificity (%) 



PPV (%)' 



c 


K 


C 


R 


95.1 


100 


85.3 


100 


99 




71.4 


90.1 


99.3 






96.7 


99.4 


82 


93.8 


953 


98.5 


82 


97 


96.2 


97.6 


68.4 


94 


96 




50 


80.7 


69 




89 


97.7 


98.9 


88.1 


93.8 


98.7 


100 


100 



than m the in-house version. Both Ichiyama et al. (85) and 
Vuorinen et al. (205) compared the MTDT with the Amplicor 
PCR on the same specimens. In the Ichiyama study, the sen- 
sitivity and specificity of the MTDT were somewhat better than 
thoM obtained with Amplicor, but in the Vuorinen study the 
resjfis with the two test kits were similar (Tables 4 and 5). 

Tfe QfiRA has been applied on a limited scale only (S, 174). 
Theyest is performed on a large volume of sputum, but the 
put|gcation of the hybridized probe from the reaction mix is 
lab ? ^intensive, PCR inhibitors do not interfere with the 
QplgV but the procedure is very prone to amplicon contam- 
inant. In a study by Shah et al. on 261 sputum samples (174) 
they&sults were not superior to those of other amplification 
reaftipns: the sensitivity and specificity were 97.1 and 96 5% 
respectively, and after revision were 97.3 and 97.8% respec- 
tively. ' K 

Ajpjlication of LCR (88) and NASBA (209) to tuberculosis 
has as yet been insufficiently evaluated. 

(igj Specimens other than sputum. PCR docs not solve the 
protggm of the bacteriological diagnosis of tuberculosis in chil- 
orerrgvho do not produce sputum. Pierre et al. (153) per- 
formed a PCR on 58 gastric aspirates, for which the classical 
procedures are known to have a low sensitivity. When DNA 
amplification was applied to two gastric aspirates from the 
same patient and amplified in duplicate. 25% of the specimens 
produced at least one positive result; when three different 



TABLE 6. Results of MTDT for the detection of M. lubeKuh™ in 
smear positive and smear negative specimens 



Study (reference) 



MTDT sensitivity (%) in different studies 



Abe cl al. (1) 
Bodmer el al, f]2) 
Jonas et al. (92) 
Miller et al. (126) 
Pfyffer cl al. (154) 
Ponacls cl al. (156) 



Overall 


Smear and 
culture positive 


Smear negative, 
culture positive 


92 


10(1 


70 


71 


100 


14" 


82 


100 


54'' 


91 


94 


G3 


95 


100 


80'' 


86'' 


KM 


85 


97"' 


y7 


1(H) 



" So% or these were positive only in liuuiJ medium 
'•iHIO a-V/m\ in culture. 
' Belgian population. 
'' Afriuin population. 



specimens from the same subject were examined twice the 
positivity increased to 60% (in 9 of 15 children). 

The diagnosis of tuberculosis by detection of M. tuberculosis 
in peripheral blood mononuclear cells, even by a molecular 
amplification technique, is still impractical (164), although 
there has been one promising study (171). The technique is 
more sensitive, although not optimal, in human immunodefi- 
ciency virus-infected patients, particularly in the presence of 
disseminated disease (50), 

Since the lack of sensitivity is the main shortcoming of the 
amplification techniques and the specificity is more satisfac- 
tory, the tests can be useful for organism identification. When 
culture in a liquid medium is combined with automated growth 
detection and an amplification method, the time for the diag- 
nosis of Atf. tuberculosis can be shortened to a mean of 14 days 
(52). PCR and MTDT assays on clinical specimens may also be 
useful when there is a need for rapid differentiation between 
M. tuberculosis and nontuberculous mycobacterial infections, 
such as in AIDS patients in industrialized countries (172). 

(v) Critique of published studies. The published studies 
illustrate some shortcomings in design as well as in analysis. 
There should be no mixtures of respiratory and other speci- 
mens, and specimens from patients being treated should not be 
included. Mycobacterial DNA can be detected for a long time 
after the start of treatment and in the absence of positive 
cultures in human (75) and experimental (39) models of tu- 
berculosis. Specimens should be divided, and each portion 
should be prepared independently for culture and amplifica- 
tion. Some patients may produce sputum with unequally dis- 
tributed bacilli and/or may not excrete them continuously, and 
the decontamination procedures may kill variable proportions 
of the organisms; therefore, three specimens per patient, col- 
lected at different times or days, should be examined by each 
method. A definition of positivity, based on microbiological 
rather than clinical evidence, should be established. Culture- 
negative, amplification-positive specimens should be retested 
by an amplification reaction targeted at an alternative nucleic 
acid fragment to reveal falscpositive results, as dune by Her- 
rcra and Segovia (78). The sensitivity of (he amplification 
method should be calculated for both the number of positive 
specimens und the number of positive patients. 

(vj) Conclusions concerning amplification techniques for 
diagnostic purposes. Al present, the conclusions published by 
the Centers for Disease Control and Prevention in 1993 (23) 
are still valid: a particular technique cannot be replaced by a 
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different one if the latter is not at least equivalent to the former 
and at most has the same cost. At present, amplification meth- 
ods for M. tuberculosis cannot replace the conventional diag- 
nostic techniques, especially since strains should still be cul- 
tured for susceptibility testing. The decision of the U.S. Food 
and Drug Administration is equally justified: use of the rapid 
MTDT should be restricted to smear-positive samples from 
untreated patients with tuberculosis and used only in conjunc- 
tion with traditional sputum examination. It should not be used 
for smear-negative sputum samples or for other specimens 
such as pleural or cerebrospinal fluid (53). 

(vii) Amplification techniques for M. tuberculosis drug sus- 
ceptibility tests. Because the molecular basis of rifampin re- 
sistance is known (97, 189, 190, 212), up to 97% of the ri- 
fampin-resistant strains can now also be identified by PCR (35, 
48, 83, 211). There is one important limitation to this test: it 
does not measure the proportion of rifampin-resistant mutants 
among the isolated strain. Only when the proportion is higher 
than 1% is the corresponding disease resistant to rifampin 
therapy. Only further studies will determine how frequently 
isolates with a low proportion of rifampin-resistant mutants are 
detected by this technique. Since rifampin resistance develops 
mostly in isolates that are already isoniazid resistant, the rec- 
ognition of rifampin resistance lends a high suspicion of mul- 
tidrug resistance. 

□Cultures remain necessary to identify rifampin-resistant 
grains not detected by the PCR, to test for susceptibility to 
ofher drugs, and to allow other investigations such as restric- 
tion fragment length polymorphism for epidemiologic pur- 
poses. 

Q Fungi 

i^Fungal respiratory infections maybe due to dimorphic fungi 
Such as Histoplasma spp., Blastomyces spp., or Coccidioides 
knmitis, and they occur sporadically in defined geographic ar- 
eas. We are not aware of any effort to diagnose these infections 
by^molecular diagnostic techniques. 

^A second group of fungal respiratory infections are caused 
6yJ ubiquitous saprophytic fungi, occur 10 times more fre- 
4ujsntly in immunocompromised individuals (204) than in non- 
ipmunocompromised persons, and are common among pa- 
tij&its in intensive care units. Candida albicans and Aspergillus 
spp. are the most frequent etiologic agents (204), and mixed 
infections with bacteria and cytomegalovirus occur in a signif- 
icant proportion of cases. To shorten the time required for 
diagnosis, amplification reactions have been developed. Am- 
plification targets have been genes coding for specific proteins 
(30, 95. 161, 186), 18S rDNA (15, 81, 82, 121, 124, 144). the 26S 
intergenic spacer region (180), or mitochondrial DNA (127). 
The last two represent repeated sequences, and thus their use 
increases the test sensitivity. In their work, Bretagne et al. (15) 
constructed an internal control. In some studies, primers were 
directed at a limited number (161) or a wide range of species; 
in the latter case, this was followed by treatment with restric- 
tion enzymes to obtain group identifications (82, 121, 173). 

Molecular diagnostic techniques have been applied on BAl. 
specimens and protected brush specimens to shorten the time 
for diagnosis, and on blood (26, 81, 12R, 155) and/or urine 
(161) specimens in an effort to obtain a diagnosis through less 
invasive procedures. Only a few preliminary tests on detecting 
Aspergillus spp. in urine specimens have been performed (161 ). 
C albicans was detected in seeded blood specimens (18. 81, 
128). in blood samples from experimentally infected animals 
(95. 200). and in human blood in one study (95). The sensitivity 
of the PCR for C. albicans was disappointing: 7 U % (95), 73% 
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(26), and 46% (158). Two possible reasons for this lack of 
sensitivity have been mentioned: the difficulty in releasing 
DNA from C. albicans cells, a critical need when they are 
present in small numbers (162); and the small volume of the 
specimen used in the amplification reaction (158). PCR has 
been used more frequently for classification and identification 
of Candida spp. than for their detection (93). 

Spreadbury et al. ()80) obtained a low sensitivity (80%) and 
specificity (72%) for the detection of Aspergillus fumigatus in 
clinical specimens, while Bretagne et al. (15), investigating a 
series of 55 specimens, obtained 25% false-positive results, i.e., 
detection of amplicons specific for Aspergillus spp. in immuno- 
compromised patients who did not develop aspergillosis during 
follow-up. The authors point out numerous possibilities for 
contamination by environmental fungi during the preparation 
and storage of the reagents and the collection, transport, and 
manipulation of the specimens. Furthermore, the unsolved 
problem in the investigation of respiratory specimens for yeasts 
and molds is to distinguish between colonization and infection 
(15, 124, 134, 186). This differentiation might be possible in the 
future if genes related to virulence or' invasiveness could be 
identified. Al present, molecular diagnostic techniques do not 
improve the diagnosis of fungal infection by classical proce- 
dures. 

Pneumocystis carinii 

Several studies have confirmed the greater sensitivity of 
PCR over immunofluorescence for the detection of Pneumo- 
cystis carinii (22, 42, 46, 101, 111, 142, 185). Although the 
specificity of the assays is usually high, in one study P. carinii 
was detected in the absence of clinical symptoms (46). This 
could mean that colonization by P. carinii may occur, if con- 
tamination of samples in this study can be excluded. The con- 
clusion of Tamburini et al. (185) that P. carinii should be 
sought in BAL specimens by the classical immunofluorescence 
microscopic technique and that amplification methods should 
be used only in exceptional cases, when the classical method 
remains negative, seems reasonable. In the presence of a high 
clinical suspicion of disease, PCR may have some utility, since 
claims have been made concerning the detection of P. carinii in 
sputum and two-thirds of blood specimens from patients with 
a generalized infection (113). 

CONCLUSION 

The statement that molecular diagnostic techniques, partic- 
ularly PCR, are able to detect and amplify specifically a single 
molecule in solution in an olympic-sized swimming pool is nice 
but also illustrates one of the main difficulties of the procedure: 
how to introduce the contents of the swimming pool, or the 
one molecule it contains, into a 2-ml amplification vial. 

The main problems facing molecular diagnostic techniques 
arc the false-positive and false-negative results. The former 
may be avoided by the use of the correct controls in optimal 
working circumstances, i.e., good laboratory practice (177). 
Furthermore, any new or unusual findings should be confirmed 
by an independent amplification reaction. Laboratories engag- 
ing in molecular diagnostic techniques should first attain a 
proficiency level that excludes contamination. 

Only when this technical level is reached is it possible to 
tackle the next problem — the test sensiliviiy. Much work re- 
mains to be done on this aspect. The sensitivity of use of 
oropharyngeal swabs ;md nasopharyngeal aspirates for the re- 
covery of pathogens should be compared. 

The unknown nature of most inhibitors in clinical specimens 
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certainly docs not facilitate the development of techniques to 
eliminate them. Efforts to increase the sensitivity of ;i test by 
increasing the sample volume in the reaction mivture may 
increase the interference by inhibitors in some tests but appar- 
ently not in others. The extent to which procedures intended to 
concentrate the amplification target also concentrate inhibitors 
is unknown, as is the amount of target nucleic acid that is lost 
during procedures intended to eliminate inhibitors. The latter 
quantity could be determined by the addition of specific posi- 
tive internal controls. New applications of amplification reac- 
tions should not be introduced without inclusion of specific 
positive internal controls. An optimal sample preparation 
method should be simple and rapid, and its ability to concen- 
trate the target and eliminate inhibitors should not be nullified 
by its being too elaborate and time-consuming. 

Compared with classical methods, nucleic acid amplification 
techniques are definitely more sensitive for the detection of 
some respiratory disease agents, particularly rhinoviruses, 
coronaviruses, B. pertussis, M. pneumoniae, and C. pneumoniae. 
These techniques are indispensable, not only for epidemiolog- 
ical studies but, for the last two organisms, also for clinical 
diagnostic purposes. However, in view of the results obtained 
in studies of other organisms, in which the sensitivity of the 
molecular diagnostic techniques is suboptima], it can be sur- 
mised that the results for these agents arc impressive only 
because the classical methods are particularly insensitive. 

TJi| great enthusiasm aroused by molecular diagnostic tech- 
niques in the field of tuberculosis detection should be tem- 
pered by the knowledge that the expectations concerning their 
high=|ensitivity and specificity have not yet been fulfilled. These 
projakms must be addressed before amplification techniques 
cangeplace the classical diagnostic techniques. The lack of 
sensitivity of PCR for M. tuberculosis could result from the use 
of \jjQy small sample volumes in the reactions and an irregular 
dispersion of the organisms in paucibacillary samples. These 
shortcomings suggest the need for improved sample prepara- 
tiorLiechniques or the performance of more than one test on 
each^ample. 

Tj&e introduction of amplification techniques into the clinical 
diagnostic laboratory is also affected by the staff and space 
available and, if the decision is made to introduce them, 
whetfger they will be added to or replace existing procedures. 

IsUconclusion, laboratories can apply molecular diagnostic 
techffiqucs only if they comply with stringent externa] quality 
control requirements. As far as respiratory disease agents are 
concerned, amplification procedures should be limited to those 
listed above for which traditional culture methods are very 
insensitive and, depending on the geographical location, Cox- 
iella burnetii and Chlamydia psittoci. For M. tuberculosis, they 
may be useful in some cases when an urgent identification is 
required if used in conjunction with culture in liquid medium 
and automated growth monitoring and for the rapid detection 
of most rifampin-resistant, and hence multiresistant, M. tuber- 
culosis isolates. 

We think that molecular diagnostic techniques are currently 
at a stage analogous to that of the clinical bacteriological 
techniques in the 1960s, before they were improved by many 
studies and gradually became standardized over the next two 
decades. 
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